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DEPARTMENT  OF  THE  ARMY 

U.  S.  ARMY  AVIATION  MATERIEL  LABORATORIES 
FORT  EUSTIS.  VIRGINIA  1SS04 


This  report  was  preparad  by  Mechanical  Tachnology  Incorporated  under  the 
terns  of  Contract  DA  44-177-AMC-416(T). 

The  objective  of  the  program  was  to  davalop  effective  technology  for  the 
computation  of  helicopter  gearbox  operating  nolsa.  Tha  program  Included 
the  application  of  tha  derived  technology  to  an  analysis  and  evaluation 
of  tha  UH-1  helicopter  main  transmission. 

This  comnand  concurs  In  the  contractor's  conclusions.  A  further  vali¬ 
dation  of  tha  tachnology  Is  being  conducted,  using  the  CH-47  helicopter 
power  train  as  tha  modal. 
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FOREWORD 


This  report  was  prepared  by  I.  Laskin,  F.  K.  Orcutt,  and  E.  E.  Shipley  of 

Mechanical  Technology  Incorporated,  under  Contract  DA-44-l77-AMC-416(T) . 

The  contract  was  carried  out  under  the  technical  cognizance  of 

Mr.  E.  R.  Givens,  U.S.  Army  Aviation  Materiel  Laboratories,  Fort  Eustls,' 

Virginia. 

A  major  contribution  to  the  program  was  made  by  D.  W.  Dudley,  who  was  at 
MTI  when  the  contract  was  initiated.  He  provided  the  general  direction 
which  the  program  followed  and  also  served  as  consultant  In  many  areas  of 
gear  technology. 

Consultation  In  the  design  and  interpretation  of  the  noise  and  vibration 
measurements  was  provided  by  Mr.  Edward  F.  Noonan  of  Noonan,  Knopf le,  and 
Feldman. 

This  program  was  carried  out  with  the  cooperation  and  assistance  of  many 
individuals  and  organizations.  Special  credit  Is  due  Mr.  John  Nobles  of 
USAAVIABS;  Mr.  Charles  W.  Bowen,  Jr.  of  Bell  Helicopter  Company; 

Dr.  Jorgen  Lund  and  Mr.  David  Hu  of  MTI,  who  contributed  the  torBional  re¬ 
sponse  analysis;  and  Mr.  Paul  M.  Dean  of  MTI,  who  assisted  in  the  interpre¬ 
tation  of  the  gear  measurements. 
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This  study  is  part  of  an  effort  to  create  a  technology  for  reducing  inter¬ 
nal  helicopter  noise  at  its  source.  The  objectives  were  as  follows: 


1.  Development  of  an  effective  method  of  computing  helicopter  gear¬ 
box  noise. 


2.  Use  of  measurements  in  the  helicopter  and  on  its  gearbox  compo¬ 
nents  to  provide  a  basis  for  and  to  validate  the  computational 
method. 


3.  Application  of  the  method  for  the  evaluation  of  noise-reducing 
design  changes. 

Only  one  helicopter  model,  the  UH-1D,  was  investigated  in  detail,  but  the 
approach  was  made  general  enough  to  apply  to  all  similar  helicopters. 

To  develop  a  firm,  empirical  basis  for  the  analytical  methods,  three  groups 
cf  measurements  were  made:  in-flight  noise  and  vibration  measurements  on 
four  helicopters,  laboratory  vibration  measurements  on  the  gearbox  casing, 
and  precision  inspection  measurements  on  two  sets  of  gears.  These  measure¬ 
ments  identified  the  major  factors  in  the  generation  and  transmission  of 
gearbox  noise  and  at  the  same  time  demonstrated  that  some  commonly  accepted 
factors  were  of  minor  significance.  The  most  objectionable  noise  was  shown 
to  originate  in  the  meshing  action  of  the  gear  teeth.  When  the  gears  are 
heavily  loaded,  high-level  noise  components  are  produced  whose  frequencies 
correspond  to  the  first  three  harmonics  of  each  tooth  meshing  rate.  The 
broad-band  noise  characteristics  of  the  gearbox  are  determined  by  the  total 
pattern  of  the  magnitudes  and  frequencies  of  these  components.  The  excita¬ 
tion  of  the  noise  comes  primarily  from  the  variable  tooth  deflection  of  the 
gears  meshing  under  load,  with  some  contribution  from  manufactured  profile 
errors.  The  other  gear  errors  -  tooth  spacing  and  runout  -  do  not  play  a 
major  role.  The  bearings  themselves  are  not  a  significant  source  of  noise 
production,  but  they  do  ’ransrait  the  gear-induced  vibration  to  the  gearbox 
casing,  which  serves  as  an  important  "broadcaster"  of  this  gear  noise. 

A  computerized  calculation  procedure  was  developed  for  predicting  noise 
levels  from  design  and  operating  data.  This  procedure  was  checked  by  ap¬ 
plying  it  to  the  UH-1D  helicopter  operating  under  cruise  conditions,  for 
which  it  gave  calculated  noise  levels  in  good  agreement  with  the  in-flight 
measured  noise  levels. 

This  analytical  procedure  makes  it  possible  to  identify,  for  the  first 
time,  the  individual  noise  components  which  will  dominate  the  noise  spec¬ 
trum,  and  to  find  out  how  much  each  of  these  components  must  be  reduced  in 
order  to  drop  the  noise  to  an  acceptable  level.  With  this  procedure,  it  is 
now  also  possible  to  evaluate  quantitatively  the  improvement  to  be  obtained 
from  any  of  a  broad  range  of  design  changes  often  proposed  for  noise  reduc¬ 
tion. 
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The  calculations  on  the  UH-1D  gearbox  revealed  that  a  variety  of  design 
modifications  will  be  required  to  reduce  all  of  the  high-level  noise  com¬ 
ponents.  '.ney  also  showed  that  some  of  the  modifications  must  be  carefully 
optimised  to  avoid  increasing  one  component  while  reducing  another.  • 

A  partial  Investigation  of  the  gear  noise  reductions  possible  with  design 
changes  points  to  a  potential  decrease  of  10  db  cr  more  along  the  entire 
frequency  spectrum.  The  10-db  improvement  can  be  obtained  from  relatively 
minor  changes,  such  as  tooth  profile  modifications  and  system  stiffness  ^ 

modifications  which  shift  the  relations  between  excitation  and  resonant 
frequencies.  Only  where  greater  reduction  is  required  will  it  be  necessary 
to  introduce  major  changes,  such  as  more  accurate  gear  manufacture,  helical 
gears  in  place  of  spur  gears  in  the  planetary  stages,  or  gearbox  casing  re¬ 
design. 
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Helicopter  cabin  noise,  particularly  that  due  to  the  drive  gearbox,  is 
already  well  recognized  as  one  of  the  important  problems  in  the  present 
and  future  use  of  helicopters.  The  nature  and  extent  of  the  probLein  are 
seen  when  present  noise  levels  are  compared  to  existing  and  proposed  noise 
specifications.  Figure  1  gives  such  a  comparison  for  the  UH-1D,  in  wi  ich 
cabin  noise  levels  exceed  MIL-A-8806  by  as  much  as  (Reference  1)  |4  dh. 

The  excessively  high  levels,  incidentally,  occur  only  in  the  highet  fre¬ 
quency  octave  bands,  where  the  noise  is  associated  primarily  with  Lhe 
gearbox,  in  contrast  with  the  lower  frequency  range,  where  the  noise  is 
associated  with  the  rotors  (References  1  and  2). 

Another  aspect  of  the  helicopter  noise  problem  is  the  continuing  increase 
in  noise  levels  as  new  helicopters  are  introduced  with  more  and  more  power 
transmitted  through  the  gearbox.  This  trend  is  demonstrated  in  Figure  2, 
which  compares  measured  cabin  noise  levels  of  the  UH- LA  in  I9t>  1  with  those 
of  tiie  UH-lD  in  1967.  A  significant  difference  in  the  two  aircraft  is  in 
the  cruise  horsepower,  which  has  increased  from  465  HP  in  the  former  to 
680  HP  in  the  latter.  It  is  not  unreasonable  to  project  further  power  in¬ 
creases  in  the  future  and  to  expect  a  corresponding  rise  in  the  already 
excessive  noise  levels.  Thus,  the  need  for  better  methods  of  noise  re¬ 
duction  in  helicopters  is  becoming  all  the  more  urgent. 

One  approach  to  noise  reduction  has  been  the  addition  of  sound-absorbing 
materials.  Although  potential  benefits  have  been  demonstrated,  these  are 
necessarily  accompanied  by  significant  weight  penalties.  As  was  con¬ 
cluded  (Reference  1),  "Greater  efficiency  in  noise  control  can  be 
achieved  by  reduction  at  the  source,"  and  "Such  achievement  will  require 
research  into  several  basic  mechanisms  of  aircraft  noise."  Since  the  most 
objectionable  cabin  noise  comes  from  the  gearbox,  this  is  the  component  of 
the  aircraft  that  should  receive  attention  first. 

The  benefits  of  any  new  method  of  reducing  noise  from  helicopter  gearboxes 
will  materialize  only  when  they  are  written  into  a  technical  specification 
and  applied  to  new  helicopter  designs.  This  will  require  an  overall  pro¬ 
gram  containing  a  sequence  of  stages  of  engineering  study  and  testing. 

Such  a  program  is  shown  in  the  flow  chart  in  Figure  3.  It  concentrates 
first  on  the  development  of  analytical  tools  which  can  be  used  to  predict 
noise  levels  from  design  data.  The  study  covered  by  this  report  has  been 
devoted  to  accomplishing  a  practical  and  usable  major  portion  of  this 
first  stage. 

The  objectives  of  this  effort  were  as  follows: 

1.  Development  of  an  effective  method  of  computing  the  noise  pro¬ 
duced  in  a  helicopter  gearbox,  including: 

a.  Identification  of  the  major  sources  oi  this  noise. 

b.  Consideration  of  the  influence  of  vibrational  resonances  in 
the  overall  drive  system  and  in  the  gearbox  casing. 


1 


75  150  300  600  1200  2400  4800  9600 

Octave  Band  Frequency,  cps 

Figure  1.  Comparison  of  Measured  Noise  on 
the  UH-1D  With  Present  and 
Proposed  Specifications. 
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Figure  2.  Comparison  of  Noise  Levels  at 
Normal  Cruise  Power  on  UH-1D 
and  UH-1A, 
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DEVELOPMENT  OF  ANALYTICAL  TOOLS 


Figure  3 


.  Overall  Program  for  a  New  Method  of  Reducing  Not 
From  Helicopter  Gearboxes. 


c.  Evaluation  of  the  mode  of  transmission  of  noise  from  the 
gearbox  to  the  pilot's  location  in  the  cabin. 

d.  Preparation  of  a  computerized  noise  calculation  which  starts 
with  design  data,  operating  conditions,  and  manufacturing 
imperfections . 

e.  Validation  of  the  calculation  method  by  comparison  of  cal¬ 
culated  and  measured  results  for  the  UH-1D  helicopter. 

Recommendation  of  design  modifications  which  will  reduce  the 
amount  of  noise  generated. 


DESCRIPTION  OF  PROGRAM 


This  study  of  helicopter  gearbox  noise  reduction  was  conducted  in  three 
tasks.  The  individual  efforts  of  each  task  are  sumnarized  below,  with 
»  more  detailed  descriptions  and  explanations  reserved  for  the  Discussion 

of  Results  and  the  appropriate  Appendixes. 

TASK  I  ~  CEAR  MEASUREMENT 

For  this  task,  the  Government  provided  two  of  each  of  the  main  drive  gears: 
input  stage  spiral  bevel  pinion  and  gear,  lower  planetary  stage  sun  gear, 
upper  planetary  sun  gear,  planet  gear  common  to  both  planetary  stages,  and 
combined  ring  gear  for  the  two  planetary  stages.  Because  working-quality 
gears  could  net  be  released  from  Government  inventories,  these  gears  were 
selected  from  rejected  production  parts  but,  insofar  as  possible,  of  re¬ 
presentative,  acceptable  quality  in  those  features  which  related  to  the 
measurements  planned. 

The  types  of  measurements  made  were  those  judged  to  be  most  commonly  used 
to  control  gear  quality  and  most  likely  to  relate  to  noise  generation. 

They  included  measurement  of  tooth  spacing  errors  and  runout  on  all  gears, 
tooth  profile  on  all  spur  gears,  and  composite  gear  errors  on  all  external 
spur  gears.  The  most  precise  inspection  equipment  available  was  used. 

TASK  II  ~  ANALYSIS 

In  this  task,  it  was  necessary  to  treat  three  distinct  subjects.  These 
were  the  excitation  developed  by  gears  and  bearings,  the  dynamic  forces 
that  resulted,  and  the  noise  generated  from  the  vibrating  gearbox  casing. 

The  treatment  of  the  subject  of  excitation  started  with  a  review  of  recog¬ 
nized  causes  of  gear  and  bearing  noise.  After  possible  gear  and  bearing 
excitation  frequencies  were  calculated  and  related  to  frequency  spectra  of 
measured  noise,  the  significant  forms  of  excitation  were  selected  and  the 
formal  analysis  was  undertaken.  Since  this  analysis  proved  to  rest  heavily 
on  gear  tooth  deflection,  it  was  necessary  first  to  research  thoroughly  and 
then  to  adapt  suitable  relationships  for  beam  deflections  of  gear  teeth  and 
also  for  Hertian  contact  deflections.  The  gear  excitation  analysis  was 
completed  and  then  programmed  for  computer  solution.  This  program  was  run 
for  all  the  cases  of  the  gear3  in  the  UH- ID  gearbox,  wich  a  variety  of 
loads  and  profiles.  Besides  studying  standard  profiles,  computations  were 
«  made  for  measured  profiles  with  manufacturing  inaccuracies  and  for  some 

specially  modified  profiles. 

The  second  portion  of  the  analysis,  determination  of  the  dynamic  forces  re¬ 
sulting  from  the  excitation,  received  a  more  direct  analytical  treatment. 

*  This  started  with  the  torsional  vibration  analysis  of  a  multi-branched 

transmission  system  with  provision  for  damping  at  its  bearings.  The  next 
step  was  the  addition  of  the  dynamic  analysis  of  a  simple  gear  set  with 
displacement  excitation  at  the  gear  mesh.  Finally,  the  analysis  was  ex¬ 
tended  to  include  the  case  of  a  planetary  gearing  system  with  displacement 
excitation  at  each  gear  mesh.  This  last  addition  had  to  be  made  in  two 
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distinct  parts,  corresponding  to  two  different  conditions  of  planet  excita¬ 
tion  phasing.  This  total  analysis  was  programmed  for  computer  solution, 
inc'uding  provision  for  calculating  torsional  inertias  and  stiffnesses  di¬ 
rectly  from  component  dimensions.  The  program  was  run  for  the  main  drive 
system,  from  tjrbine  to  main  rotor,  in  the  UH-1D  helicopter.  This  required 
reduction  of  the  design  data  from  the  transmission  design  drawings  into  the 
format  required  by  the  program.  The  specific  applications  of  the  program 
were  in  calculating  the  gear  tootn  forces  resulting  from  the  excitation 
under  cruise  operating  conditions.  It  was  also  used  to  calculate  the 
extent  to  which  force  levels  are  influenced  by  selected  conditions  of 
changing  frequency,  compliance,  and  excitation  phasing. 

The  final  subject  of  the  analysis,  the  conversion  of  gear  excitation  and 
dynamic  forces  into  noise  levels,  started  with  a  study  of  an  earlier  quasi- 
analytical  method  for  calculating  marine  gearing  noise.  This  was  revised 
and  adapted  to  approximate  more  closely  the  conditions  of  the  helicopter 
gearbox.  The  new  analysis  was  reduced  to  a  manual  calculating  procedure 
to  give  a  calculated  noise  level  for  each  excitation  frequency.  Added  to 
this  procedure  was  a  calculation  which  simulates  the  function  of  the 
frequency  spectrum  analyzer  used  to  analyze  measured  noise  and  vibration 
data.  It  thereby  permits  the  combination  of  the  noise  levels  at  individ¬ 
ual  frequencies  into  equivalent  third-octave  wide-band  noise  levels.  This 
feature  permits  convenient  comparison  of  calculated  and  measured  results. 
This  completed  portion  of  the  analysis  was  then  used  to  calculate  the 
noise  levels  for  the  cruise  operating  conditions  considered  in  the  earlier 
computations . 

TASK  III  ~  NOISE  AND  VIBRATION  MEASUREMENT  AND  ANALYSIS 

A  preliminary  set  of  measurements  was  first  made  on  one  UH-1D  helicopter 
at  Fort  Eustis.  Noise  levels  were  measured  under  three  flight  conditions 
and  at  four  locations  within  the  aircraft.  During  the  same  test  flight, 
vibration  measurements  were  also  made  at  10  locations  on  the  gearbox 
housing  and  on  the  aircraft  structure  close  to  mounting  points.  'Tie 
measurements  were  reduced  to  overall  levels  and  to  wide-band  and  narrow- 
band  analyses.  These  preliminary  measurements  were  reviewed  to  select  the 
most  significant  test  conditions  and  locations  for  the  final  set  of  in¬ 
flight  measurements.  These  preliminary  measurements  served  an  additional 
purpose.  The  frequencies  of  the  peak  values  in  the  analyzed  noise  mea¬ 
surements  were  compared  to  the  exciting  frequencies  calculated  for  the 
gearbox  components,  thereby  serving  to  identify  the  major  sources  of 
noise  in  the  gearbox. 

The  final  set  of  measurements  was  made  inflight  on  three  UH- ID  helicopters 
at  Fort  Rucker.  Two  operating  conditions  were  used,  with  three  locations 
for  the  cabin  noise  neasurements  and  five  locations  for  the  gearbox 
housing  vibration  measurements.  These  were  later  reduced  to  overall 
levels  and  to  wide-  and  narrow-band  analyses.  On  one  helicopter,  addi¬ 
tional  vibration  measurements  were  made  at  16  bulkhead  locations.  The  re¬ 
sults  of  this  final  series  of  measurements  were  studied  to  obtain  infor¬ 
mation  on  the  unirormity  of  noise  and  vibration  among  aircraft,  the  rela¬ 
tionship  between  noise  and  gearbox  housing  vibrations,  and  the  mode  of 
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noise  transmitted  from  gearbox  to  pilot's  location  in  the  cabin.  The 
noise  measurements  at  cruise  were  used  to  make  the  comparison  with  the 
noise  levels  calculated  in  Task  II  for  the  same  operating  condition. 

In  addition  to  the  measurements  made  in  the  helicopter,  gearbox  casing  res¬ 
onances  were  investigated  using  an  unpowered,  assembled  gearbox,  complete 
except  for  the  mast  and  rotor.  Casing  resonances  were  investigated  by 
externally  driving  the  casing  with  a  vibrational  force  and  measuring  casing 
motion  through  accelerometer  pickups.  The  driving  force  was  appliea  in 
turn  at  three  locations,  and  measurement  was  made  at  six  locations. 


DISCUSSION  OF  RESULTS 


INTRODUCTION 

t 

In  this  program,  a  great  many  of  the  factors  which  come  into  play  in  the 
creation  of  helicopter  gearbox  noise  and  its  transmittal  to  the  cabin  area 
and  the  pilot  have  been  studied,  or  at  least  touched  upon.  The  factors 
and  their  relationships  are  pictured  in  flow  chart  form  in  Figure  4.  The 
first  factor  is  the  ej.citation  inside  the  gearbox  which  sets  up  torsional  • 

vibration  in  the  drive  system.  Depending  on  the  response  of  the  system, 
dynamic  forces  are  developed  at  the  gear  teeth,  superimposed  on  the  steady 
forces  transmitting  power  from  engine  to  rotor.  These  dynamic  forces  act 
through  the  shafts  and  bearings  to  set  up  lateral  vibrations  in  the  gear¬ 
box  housing,  with  the  magnitude  of  vibration  being  influenced  by  any 
natural  resonances  in  the  housing.  One  result  of  this  vibration  is  the 
transfer  of  vibratory  motion  from  the  large  areas  of  the  housing  to  the 
air,  thus  generating  noise.  At  the  same  time,  some  of  the  vibration  of 
the  housing  is  transferred  through  its  mounting  into  the  aircraft  struc¬ 
ture.  At  this  point,  the  direct  role  of  the  gearbox  in  influencing  cabin 
noisi  has  ceased,  indicating  the  logical  cutoff  point  for  the  area  of  con¬ 
cern  of  this  program.  Indeed,  the  intensive  study  of  the  program  was  con¬ 
fined  to  those  noise  factors  directly  related  to  the  gearbox.  However, 
when  in-flight  measurements  were  being  made,  and  because  of  the  conve¬ 
nience  of  doing  so,  the  investigation  was  to  a  limited  extent  carried  over 
to  some  cf  the  factors  associated  with  the  aircraft  proper.  Figure  4  con¬ 
tinues  on  to  show  these  factors  relating  to  the  transmittal  of  noise  to 
the  pilot  after  it  leaves  the  gearbox.  The  upper  path  in  the  chart  shows, 
in  highly  simplified  fashion,  how  the  noise  in  the  air  surrounding  the 
gearbox  housing  passes  through  the  gearbox  compartment  bulkhead  and  con¬ 
tinues  through  the  air  until  it  reaches  the  pilot.  Since  this  mode  of 
transmittal  originated  and  continued  with  the  vibration  in  the  form  of 
noise,  or  air  pressure  pulsations,  the  noise  using  this  path  is  referred 
to  as  airborne  noise.  The  lower  path  in  the  chart  shows,  again  in  highly 
simplified  fashion,  that  the  gearbox  vibration  transmitted  to  the  structure 
is  carried  by  the  structure  to  the  cabin  bulkheads,  where  it  is  for  the 
first  time  transformed  into  noise  reaching  the  pilot.  Since  the  structure 
played  a  pronounced  role  in  this  mode  of  noise  transmittal,  the  noise  at 
the  end  of  the  path  is  referred  to  as  structure-borne  noise. 

The  fact>rs  described  above  have  been  investigated  in  some  portion  of  the 

three  tasks  making  up  the  program.  Task  III.  devoted  to  noise  and  vibra-  # 

tion  measurements ,  served  to  identify  the  sources  of  excitation  and  the 

mode  of  noise  transmittal.  It  also  described  the  nature  of  the  resonances 

in  the  gearbox  housing.  Task  II,  containing  the  analytical  treatments, 

provided  the  quantification  of  the  major  form  of  excitation  and  of  the 

gear  tooth  forces  that  result  from  this  excitation.  It  further  revealed  • 

the  contribution  of  torsional  resonances  in  the  drive  system.  Task  I, 

dealing  with  the  gear  measurements,  helped  to  identify  the  manufacturing 

imperfections  that  contributed  directly  to  the  major  forms  of  excitation 

and  to  what  extent. 
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This  section  of  the  report,  following  the  sequence  just  given,  will  de¬ 
scribe  how  each  of  these  factors  has  been  investigated  in  the  program,  will 
give  some  representative  results,  and  will  discuss  their  interpretation  , 

leading  to  the  conclusions.  The  comprehensive  data  collected,  the  instru¬ 
mentation  and  methods  used,  and  the  derivation  and  justification  of  the 
analyses  have  been  reserved  for  the  various  appendixes. 

NOISE  MEASUREMENTS  * 

The  noise  measurements  made  on  three  helicopters  during  cruise  operation 
are  presented  in  Figures  5,  6,  and  7.  The  cabin  locations  referred  to  in 
these  figures  are  identified  ir  Figure  8. 

Before  an  analysis  of  these  results  is  undertaken,  it  may  be  useful  to  re¬ 
view  briefly  some  of  the  pertinent  basic  information  about  complex  sound 
and  its  measurement.  More  detailed  information  may  be  found  in 
Reference  3. 

Typical  noise,  such  as  that  measured  in  the  helicopter,  may  be  considered 
a  blend  of  two  kinds  of  sounds.  In  one,  the  sound  is  distributed  essen¬ 
tially  continuously  in  frequency  (meaning  that  all  frequencies  are 
present)  and  is  fairly  constant  in  sound  pressure  level  over  a  wide  fre¬ 
quency  range.  This  kind  of  sound  is  often  referred  to  as  "white  noise". 

The  other  kind  consists  of  discrete  frequencies  (meaning  a  limited  number 
of  isolated  frequencies),  which  are  greater  in  sound  pressure  level  than 
the  "white  noise"  of  adjacent  frequencies.  Instrumentation  used  to 
measure  sound  cannot  measure  the  sound  pressure  level  of  each  individual 
frequency;  instead,  by  using  the  adjustable  band-pass  filters,  it  meas¬ 
ures  the  combined  effect  of  all  the  frequencies  within  each  selected  band. 

Because  the  filters  cannot  be  made  with  perfectly  sharp  cutoff  limits,  an 
actual  measurement  combines  also  part  of  the  effect  of  frequencies  in  ad¬ 
joining  bands.  The  bandwidth  is  referred  to  as  a  "narrow  band"  if  its 
width  is  small,  perhaps  one-thirtieth  of  an  octave.  The  term  "wide  band" 
is  used  for  bandwidths  of  one-third,  one-half,  and  full  octave.  If  the  in¬ 
strument  measures  the  entire  sound  frequency  range  as  one  band,  the  mea¬ 
surement  is  an  "overall"  sound  pressure  level.  The  indication  of  the 
sound  pressure  level  instrument  is  not  based  on  a  linear  measure;  instead, 
the  unit  used  is  the  decibel  (db) ,  which  is  based  on  a  logarithmic  scale. 

The  sound  pressure  is  indicated  as  proportional  to  the  logarithim  of  its 
ratio  to  a  very  small  standard  pressure.  The  significance  of  the  decibel 
is  such  that  a  sound  having  10  times  the  pressure  level  of  another  will  be 
indicated  as  measuring  20  db  higher. 

The  selection  of  the  bandwidth  depends  on  the  purpose  for  which  the  mea¬ 
surements  are  to  be  used.  A  narrow-band  plot  is  useful  to  pinpoint  the  t 

exact  values  of  the  discrete  frequencies,  especially  when  these  are 
crowded  close  together.  The  full  octave  bandwidth,  on  the  contrary,  ob¬ 
scures  the  individual  frequency  values  and  instead  shows  the  manner  in 
which  the  general  noise  level  varies  over  the  full  frequency  range. 

Figures  1  and  2  are  of  this  type.  The  third-octave  bandwidth,  used  in 
Figures  5,  6,  and  7,  and  most  other  figures  in  this  report,  performs  the 
combined  function  of  calling  attention  to  the  location  of  the  discrete 
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Figure  5.  Noise  Measurements  in  Third-Octave  Bands, 
Helicopter  No.  66-1038,  Cruise  Operation. 
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Helicopter  No.  66-1043,  Cruise  Operation. 
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Figure  8.  Microphone  Locations  foi  ound  Pressure  Level 
Measurements  on  Three  Helicopters. 
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frequency  components  of  the  noise  and,  in  a  special  way  to  be  explained 
later,  of  conveying  the  general  level  as  it  varies  across  the  entire  fre¬ 
quency  range. 

In  these  plots,  a  series  of  straight  lines  connect  points  whose  frequency 
values  are  at  the  "mid-points"  of  the  bands.  The  purpose  of  the  line  seg¬ 
ments  is  merely  to  convey  the  association  of  the  points.  Unlike  conven¬ 
tional  plotted  curves,  intermediate  points  on  the  line  segments  have  no 
significance . 

Interpretation  of  these  third-octave  band  curves  is  based  on  the  locations 
and  heights  of  the  peak  values.  These  peak  values  generally  signify  that 
one  or  more  discrete  frequency  ncise  components  are  present  within  the 
particular  band  of  frequencies.  While  the  height  of  the  peak  r«nresents 
the  combined  effect  of  all  frequency  noise  components  in  the  band,  be¬ 
cause  of  the  nonlinear  manner  in  which  the  combination  takes  place,  the 
one  or  two  dominant  discrete  frequency  components  generally  determine  the 
value  of  the  peak.  For  example,  adding  a  second  discrete  frequency  com¬ 
ponent  to  one  of  the  same  magnitude  will  raise  the  peak  by  only  3  db.  If 
the  second  component  is  5  db  smaller  than  the  first,  when  the  two  combine, 
the  increase  over  the  first  component  alone  will  be  only  1  db .  Hence,  to 
get  a  general  picture  of  how  the  curve  would  look  if  it  were  plotted  with 
a  wider  bandwidth  in  place  of  third-octave,  it  is  necessary  only  to  imagine 
a  line  almost  "skimming"  the  peaks.  Furthermore,  any  overall  noise  level 
would  be  almost  completely  determined  by  any  one  portion  of  the  noise 
spectrum  which  is  higher  than  the  rest.  For  example,  in  Figure  2  the  over¬ 
all  level  for  each  of  the  curves  would  be  determined  by  the  higher  levels 
shown  in  the  low-frequency  end  of  the  frequency  spectrum  with  practically 
no  influence  from  the  lower  levels  at  the  high-frequency  end. 

With  this  explanation  in  mind,  it  will  be  recognized  that  the  "valleys" 
appearing  between  peaks  in  the  third-octave  band  plots  are  of  little  sig¬ 
nificance.  The  value  read  out  by  the  instrumentation  consists  of  a  com¬ 
bination  of  the  continuous-frequency  "white  noise"  and  low-level  dis¬ 
crete  frequency  components  within  the  particular  band  and,  in  addition,  a 
portion  of  the  high-level  discrete  frequency  components  in  the  adjacent 
band,  especially  those  whose  frequencies  are  just  beyond  the  particular 
bana  ’iraits.  As  mentioned  earlier,  these  "outside"  contributions  result 
from  the  inadequately  sharp  cutoff  capabilities  of  the  band-pass  filters. 
Very  often,  if  the  high  peaks  in  the  adjacent  bands  are  reduced,  the 
values  of  the  valleys  would  also  drop  accordingly. 

Returning  to  Figures  5,  6,  and  7,  some  conclusions  may  now  be  drawn. 

First,  there  is  a  high  degree  of  similarity  in  both  levels  and  curve  shape 
for  the  three  aircraft.  This  may  be  recognized  more  easily  in  Figure  9, 
in  which  the  measurements  at  the  bearbox  compartment  are  shown  in  super¬ 
imposed  curves.  The  frequency  bands  with  the  peak  or  near-peak  values  are 
remarkably  consistent  for  the  three  curves.  In  addition,  the  sound  pres¬ 
sure  levels  show  remarkable  consistency,  with  differences  between  curves 
at  any  one  band  rarely  exceeding  5  db.  This  absence  of  large,  random 
variation  among  aircraft  reinforces  the  concept  that  a  reliable,  analyti¬ 
cal  method  for  computing  noise  levels  can  be  developed. 
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The  influence  of  microphone  location  may  be  considered  by  again  referring 
to  Figures  5,  6,  and  7.  One  noteworthy  item  is  the  similarity  over  a 
broad  range  of  frequencies  between  the  measurements  at  the  rear  of  the 
crew  compartment  to  those  behind  the  pilot,  for  each  of  the  three  heli¬ 
copters.  The  range  of  closest  similarity  is  that  above  600  Hz.  As  men¬ 
tioned  in  the  Introduction  and  as  will  be  demonstrated  later,  this  range 
is  the  one  particularly  related  to  the  gearbox.  Another  item  of  interest 
in  these  figures  is  the  major  difference  between  the  measurements  taken  at 
the  gearbox  compartment  and  those  in  the  cabin  proper.  This  difference 
takes  the  form  of  contrasting  general  shapes  of  the  curves,  with  one  show¬ 
ing  generally  lower  soupd  levels  as  frequency  increases  and  with  the  other 
showing  the  opposite  relationship.  The  difference  also  shows  up  in  the 
absolute  sound  level  reached,  especially  at  the  high-frequency  end.  Less 
obvious,  but  also  significant,  is  the  one  similarity  among  all  the  curves, 
that  they  peak  almost  always  in  the  same  frequency  band.  These  differences 
and  similaritie--  can  be  examii.ed  more  effectively  if  two  of  the  widely  dif¬ 
fering  curves  are  plotted  superimposed  on  one  set  of  coordinates.  This  has 
been  done  for  the  "behind  pilot1’  and  "at  gearbox  compartment"  readings 
taken  on  tu  of  the  helicopters,  No.  66-1038,  with  the  results  shown  in 
Figure  10.  This  comparison  reveals  that  the  relationship  between  the  two 
curves  is  different  in  the  frequency  range  below  about  500  Hz  from  what  it 
is  in  the  range  about  500  Hz.  In  the  lower  range,  the  two  curves  are 
closer  but  the  locations  of  individual  peaks  are  not  very  similar.  In  the 
upper  range,  on  the  other  hand,  the  curves  are  widely  separated  but  the 
peaks  show  identical  locations  on  the  frequency  scale.  This  differing  re¬ 
lationship  between  the  curves  in  the  two  frequency  ranges  suggests  signi¬ 
ficant  differences  in  the  sources  and  modes  of  transmittal  of  their  in¬ 
dividual  noise  components. 

B  fore  proceeding  further  with  the  analysis  of  these  noise  measurements, 
it  is  possible  to  narrow  the  problem  down  to  only  one  of  the  two  frequency 
ranges.  Figure  1  shows  the  measurements  for  the  "behind  pilot"  location 
replotted  on  a  full-octave  band  frequency  scale  in  comparison  to  the  maxi¬ 
mum  noise  level  limits  of  MIL-A-8806.  The  measured  noise  levels  exceed  the 
specification  limits  but  only  in  the  higher  portion  of  the  overall  frequen¬ 
cy  range.  Further  discussion  will  therefore  emphasize  the  higher  frequency 
noise  components,  and  only  occasional  reference  will  be  made  to  the 
lower  frequency  range. 

The  sources  of  the  discrete  frequency  noise  components  which  create  the 
noise  oeaks  may  be  traced  through  comparison  to  the  calculated  frequen¬ 
cies  of  all  possible  excitations  connected  with  the  drive  system.  These 
calculated  frequencies,  based  on  in-flight  transmission  input  speed  of 
6600  rpm,  are  given  in  Tables  I  through  IV.  In  each  table,  each  individ¬ 
ual  frequency  is  associated  with  the  third-octave  band  in  which  it 
falls.  If  the  frequency  is  close  to  the  value  dividing  two  adjacent  bands, 
it  is  located  between  the  twr ,  indicating  that  its  effect  on  measurements 
will  be  about  equal  in  the  two  bands.  Table  I  is  of  particular  interest 
because  the  frequencies  th it  it  contains  lie  in  the  upper  portion  of  the 
overall  frequency  range.  The  first  three  columns  of  lifted  frequencies  are 
for  the  main  rotor  drive  gearing  stations  in  the  transmission.  A  sche¬ 
matic  diagram  of  these  stations  is  given  in  Figure  ) ' .  Matching  the  values 
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TABLE  1.  CALCULATED  EXCITATION  FREQUENCIES  - 

GEAR  TEETH  MESHING  FREQUENCIES  AND  THEIR  HARMONICS* 


Figures  in  parentheses  show  order  of  harmonic 


Turbine 
Drive 
1260  HP 
6600  RPM 


Figure  11.  Schematic  Diagram  of  Main  Rotor  Drive  Gearing  Stations 
in  the  UH-1D  Helicopter  Transmission. 


in  the  table  to  the  peak  noise  level  frequencies  in  Figure  10  reveals  a 
clear  relationship  between  the  frequencies  for  all  three  gearing  stations, 
irom  the  fundamental  frequency  up  to  the  third  harmonic.  The  fourth  har¬ 
monic  for  all  three  stations,  however,  corresponds  with  a  "valley"  in  the  « 

noise  plot.  The  exciting  frequencies  are  indicated  in  the  upper  right  of 
Figure  10.  This  correspondence  is  shown  even  more  emphatically  when  the 
calculated  frequencies  are  compared  to  the  peak  values  in  the  narrow-band 
analysis,  as  shown  in  Figure  12.  The  narrow-band  analysis,  to  some  extent, 
helps  to  distinguish  thfc  effects  of  two  exciting  frequencies  which  are  ^ 

close  enough  to  each  other  to  be  within  the  same  third-octave  band.  The 
upper  planetary  third  harmonic  exciting  frequency  falls  so  close  to  the 
fundamental  of  the  lower  planetary  that  even  the  narrow-band  analysis  can¬ 
not  separate  their  effects.  On  the  other  hand,  the  second  harmonic  of  the 
bevel  set  exciting  frequencies  is  sufficiently  removed  from  the  third 
harmonic  of  the  lower  planetary  that,  in  Figure  12,  it  is  seen  as  not 
contributing  significantly  to  the  noise  level  peak  in  the  f>400  Hz  third- 
octave  band. 

The  other  frequencies  listed  in  Table  I  may  also  be  c'mpared  to  the  peak 
noise  level  frequencies  in  Figures  10  and  1'.  The  transmission  gears  that 
are  part  of  the  tail  rotor  drive  do  not  appear  to  make  any  significant 
contribution  to  the  noise  peaks,  most  likely  because  of  the  relatively 
small  power  they  transmit.  The  fundamental  frequency  from  the  second  stage 
of  the  turbine  reduction  gears  is  almost  identical  to  the  third  harmonic 
from  the  lower  stage  planetary  of  the  main  transmission,  hence,  it  is  im¬ 
possible  to  evaluate  its  contribution.  The  last  column  in  Table  I  shows 
the  tooth  meshing  frequencies  in  the  coupling  connecting  the  turbine  to 
the  transmission.  Although  these  teeth  are  not  gear  teeth  in  the  strict 
sense,  their  meshing  action  is  somewhat  similar.  In  any  case,  comparison 
of  the  calculated  frequencies  shows  no  significant  role  in  the  gearbox 
noise . 

The  frequencies  shown  in  Table  II  are  derived  from  the  rotation  of  the 
main  and  tail  rotors.  Since  each  of  these  rotors  has  two  blades,  the  even- 
numbered  narmonics  given  in  the  table  correspond  to  blade  passing  fre¬ 
quencies.  Some  of  these  frequencies  have  been  indicated  in  Figure  10, 
where  they  appear  to  identify  the  rotors  as  major  sources  of  the  noise  in 
the  lower  frequency  range.  A  similar  identification  was  made  in  a  Bell 
Helicopter  Company  noise  study  on  the  UH- 1A  (Reference  2). 

jcellaneous  shaft  rotational  frequencies  are  given  in  Table  III.  Exci- 
lotions  of  these  frequencies  could  arise  from  eccentricities  of  shafts, 
gears,  or  bearing  races.  Any  gear  manufacturing  error  which  introduces  a 
variation  from  tooth  to  tooth  in  an  irregular  pattern  is  likely  to  excite 
a  fundamental  frequency  equal  to  the  rotational  frequency,  and  also  its 
higher  harmonics.  Since  the  frequencies  listed  in  Table  II  are  confined  • 

to  the  lower  frequency  range,  and  in  any  case  do  not  correspond  in  a  clear- 
cut  fashion  to  individual  peaks  in  Figure  10,  these  possible  sources  of 
excitation  may  be  discounted  as  major  contribution..  to  the  gearbox  noise 
problem. 

The  part  played  by  the  ball  and  roller  bearings  as  sources  of  excitation 


24 


may  also  be  derived  from  the  noise  measurements.  It  is  necessary,  first, 
to  recognize  the  special  character  of  rolling-element  bearing  noise. 

*  "While  bearing  sound  is  not  composed  purely  of  superimposed  continuous 

tones,  it  can,  in  most  cases,  be  analyzed  as  such.  It  consists  principally 
of  repeated  sets  of  impacts  and  rapidly  induced  vibrations  followed  by  de¬ 
caying  transients,  all  intermingled."  (Reference  4)  The  basically  contin¬ 
uous-frequency  character  of  this  noise  will  therefore  not  show  up  as  dis¬ 
crete-frequency  peaks  in  the  noise  measurement  plots.  Instead,  the  ball 
and  roller  bearings  may  be  regarded  as  major  contributives  to  "white  noise" 
throughout  the  entire  frequency  range.  This  "white  noise"  plays  a  second¬ 
ary  role  in  producing  objectionable  noise.  This  is  true  especially  in  the 
upper  frequency  range,  where  the  excessive  noise  levels  are  to  be  found. 

In  this  frequency  range,  the  higher  peaks  stand  out  at  much  higher  sound 
levels  than  the  valleys,  and  it  is  the  valleys  which  reflect  the  "white 
noise"  in  combination  with  other  influences. 

The  one  exception  to  the  continuous-frequency  character  of  the  rolling- 
element  bearing  would  arise  in  the  presence  of  race  defects  over  which 
loaded  balls  or  rollers  were  passing.  The  excitation  frequencies  associ¬ 
ated  with  such  conditions  have  been  calculated  and  listed  in  Table  IV. 
Except  for  the  input  shaft  bearings,  these  frequencies  lie  in  the  lower 
frequency  range,  and  even  these  show  no  clear-cut  relationship  to  the  peak- 
value  frequencies.  In  the  case  of  the  two  sets  of  higher  frequencies,  the 
frequencies  for  the  niter  races  fall  close  to  the  peak  attributed  to  the 
upper  planetary  gear  teeth  meshing  excitation.  Since  this  peak  itself  is 
so  low,  It  is  unlikely  that  the  two  bearings  make  any  significant  contri¬ 
bution.  The  frequencies  for  the  two  inner  races  of  these  bearings  like¬ 
wise  fail  to  correspond  to  any  major  l.oise  components. 

The  relationship  between  the  noise  measurements  at  the  two  microphone  posi¬ 
tions,  as  plotted  in  Figure  10,  reveals  something  about  the  mode  of  trans¬ 
mittal  cf  the  noise  from  the  gearbox  to  the  pilot's  location  in  the  cabin. 
The  spacing  between  the  two  curves  at  each  frequency  is  a  measure  of  the 
attenuation,  or  reduction,  of  sound  level  experienced  by  the  noise  com¬ 
ponent  of  that  particular  frequency.  If  the  noise  is  structure-borne  from 
gearbox  to  helicopter  cabin,  the  attenuation  is  likely  to  vary  with  fre¬ 
quency  because  resonances  in  the  structure  tend  to  influence  the  transmit¬ 
tal  of  vibration.  On  the  other  hand,  airborne  noise  is  more  likely  to  be 
independent  of  frequency.  To  facilitate  examination  of  the  attenuation 
characteristics  contained  in  Figure  10,  the  differences  between  its  two 
curves  have  been  repl^tted  in  figure  13.  The  point-by-point  plot  is  accom¬ 
panied  by  straight  lines  showing  averaged  values  over  broader  ranges  of 
frequency.  This  figure  emphasizes  the  basic  difference  between  the  noise 
components  at  the  lower  ends,  and  the  higher  ends,  of  the  overall  frequency 
range,  showing  also  an  i”  re mediate  ransition  range.  Most  significant  is 
the  nearly  constant  attenuati~n,  deviating  5  db  or  less,  from  a  mean  of 
27.5  db ,  in  the  frequency  range  over  1000  Hz.  This  significance  is  based 
on  tho  premise  that  structure-borne  noise  is  -ore  likely  than  airoorne 
noise  to  reflect  resonances,  which  would  appear  as  major  variations  in  at¬ 
tenuation  with  changing  frequency.  The  absence  of  such  variations  in  the 
frequency  range  covering  the  major  gearoox  noise  components,  suggests  that 
a  large  part  of  the  gearbox  noise  reaching  the  pilot  is  airborne. 
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enuation  From  Gearbox  Com  jrtment 


GEARBOX  VIBRATION  MEASUREMENT 


Some  typical  in-flight  measurements  of  gearbox  vibration  are  shown  in 
Figures  14  and  15,  with  the  locations  identified  in  Figure  16.  These 
plots  are  on  the  same  third-octave  band  frequency  s  ale  as  was  uced  with 
the  noise  measurements,  and  are  subject  to  the  same  interpretation  as  to 
the  significance  of  peaks  and  valleys.  The  vertical  scale  gives  the  vi¬ 
bration  in  terms  of  velocities,  to  which  the  Initial  acceleration  measure¬ 
ments  were  converted.  Since  the  pressure  levels  of  sound  are  directly  pro¬ 
portional  to  the  velocities  of  the  vibrating  s  irfaces  that  produce  them, 
vibration  measurements  in  the  form  of  velocities  will  most  easily  permit 
comparison  with  sound  measurements.  The  velocity  scale  used  is  also  simi¬ 
lar  to  that  of  the  sound  pressure  level,  in  that  reasurements  are  given  in 
the  same  logarithmic  or  db  scale.  In  the  case  of  Lbe  velocity  measure¬ 
ments,  however,  the  db  levels  are  calculated  in  relation  to  an  arbitrary 
reference:  the  velocity  which  is  equivalent  to  1  g  acceleration  at  1000  Hz 
is  taken  as  85  db.  Therefore,  there  is  no  direct  relationship  between  in¬ 
dividual  db  levels  in  noise  and  vibration  velocity  plots;  however,  dif¬ 
ferences  in  db  levels  in  one  plot  are  directly  equivalent  to  dlffe rences  in 
the  second. 

Identification  of  the  gear  teeth  meshing  frequencies  shown  in  ihe  noise 
plots  has  also  been  added  to  the  -'ibratior.  plots.  Agai.i,  there  is  a  close 
relationship  between  these  frequencies  and  the  frequencies  oi  'he  vibration 
peaks.  It  is  interesting  to  note  that,  although  the  fundamental  bevel  set 
meshing  frequency  does  not  appear  as  a  peak  in  the  ring  gear  housing  vi¬ 
bration  curve,  it  does  appear  in  both  basu  vibration  curves.  One  peak  r.ot 
associated  with  any  gear  teeth  meshing  fr  quency  is  to  be  found  in  the 
uppe*  frequency  range  of  most  of  these  vibration  measurements.  This  peak 
is  at  1000  Hz  and  is  present  in  all  the  curves  except  that  of  the  ring  gear 
housing.  It  also  appears  in  the  "behind  pilot"  noise ’measurements  tut  not 
in  the  "gearbox  compartment"  noise  roes s>n aments .  See  Figures  5,  6,  and  7. 

A  possible  explanation  for  this  peak  is  that  its  source  is  external  to  the 
gearbox  and  that  it  is  being  transmitted  into  the  gearbox  base  from  the 
aircraft  structure  by  the  lift  link. 

No  thorough  analysis  has  been  made  of  the  vibration  curves  in  the  lower 
frequency  range.  However,  it  is  interesting  to  note  that  two  of  the  most 
prominent  peaks  in  each  of  the  vibration  curves  coincide  with  tine  fre¬ 
quencies  of  43  and  67  Hz,  at  which  the  planets  in  the  upper  and  lower 
stages,  respectively,  pass  any  point  in  the  ring  gear.  These,  then,  are 
the  frequencies  at  which  the  somewhat  flexible  ring  gear  is  forced  to  pul¬ 
sate  under  the  moving  pla. at  gear  steady  loads.  It  is  also  worth  noting 
that,  although  these  peaks  are  dominant  in  the  vibration  curves,  they 
hardly  appear,  if  at  all,  in  the  noise  measurements.  Quite  possibly,  the 
low  frequency  of  these  r^ng  gear  vibrations  contributes  to  their  almost 
complete  attenuation. 

In  the  range  of  gear  ceeth  meshing  frequencies,  it  is  possible  to  go  some¬ 
what  further  in  relating  the  vibration  measurements  to  the  noise  measure¬ 
ments  than  by  simply  pointing  out  the  matching  relationship  of  peaks  to  ex¬ 
citation  frequencies.  Not  only  the  frequencies  but  also  the  levels 
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Figure  14.  Surface  Vibration  Velocity  Measurements  at  Three  Locations  on  Gearbox  Housing, 
Helicopter  No.  66-1038,  Cruise  Operation. 
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Helicopter  No.  66-1038,  Cruise  Operation. 


(b)  Enlarged  detail  of  aircraft  structure  showing  corner  mount  and  damper. 
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Figure  16.  Accelerometer  Locations  for  Some  of  the  In-Flight 
Vibration  Measurements. 
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associated  with  each  of  the  peaks  have  a  general  similarity  when  the  two 
kinds  of  measurements  are  compared,  especially  when  the  vibration  measure¬ 
ments  of  the  base  are  used.  This  is  demonstrated  in  Figure  17,  in  which 
the  noise  measurements  were  taken  from  the  upper  curve  in  Figure  10  and  the 
vibration  measurements  were  taken  as  a  composite  of  the  velocities  of  the  « 

forward  and  aft  portions  of  the  housing  base.  Note  that  the  offset  of  one 
curve  from  the  other  has  no  significance,  in  that  it  results  from  the  arbi¬ 
trary  selection  of  the  reference  values  in  the  db  scales.  The  peaks  in  the 
vibration  plot  fail  to  follow  those  in  the  noise  plot  only  at  two  frequen¬ 
cies.  The  vibration  curve  shows  a  superfluous  peak  at  J000  Hz  and  fails  to  * 

have  a  peak  at  10,000  Hz.  A  possible  explanation  for  the  former  peak  was 
offered  earlier,  but  no  explanation  for  the  latter  is  apparent. 

Now  that  the  relationship  between  gearbox  vibration  and  noise  has  been  es¬ 
tablished,  it  is  possible  again  to  consider  in  what  manner  and  to  what  ex¬ 
tent  this  vibration  might  be  transmitted  into  the  aircraft  structure.  The 
measurements  shown  in  Figure  15  show  very  similar  vibration  at  both  ends  of 
the  lift  link,  indicating  that  only  overall  attenuation  has  been  effected 
by  the  lift  link  or  its  fasteners.  A  similar  set  of  vibration  measurements 
was  made  on  both  sides  of  one  of  the  y  x  mounts  on  one  of  the  other 

helicopters  tested.  The  positions  of  the  two  accelerometers  were  the  "base 
at  aft  corner"  in  Figure  16(a)  and  the  "structure  under  after  mount"  in 
Figure  16(b).  The  attenuation  across  the  mount,  that  is,  the  difference 
between  the  two  measurements,  has  been  plotted  in  Figure  18  along  with  th 
attenuation  across  the  lift  link,  for  the  above  500  Hz  portion  of  the  fre¬ 
quency  range.  The  plot  shows  that,  while  the  lift  link  transmits  vibration 
from  gearbox  to  the  aircraft  structure  with  only  little  loss,  the  corner 
mounts  are  highly  effective  in  isolating  the  gearbox,  at  least  in  the  gear 
noise  frequency  range. 

The  relationships  shown  in  Figures  17  and  18  lead  to  an  observation  on  the 
mode  of  transmittal  of  noise  from  the  gearbox  to  the  cabin.  Since  the  spec¬ 
trum  of  noise  levels  at  the  gearbox  compartment  corresponds  so  closely  to 
the  spectrum  of  gearbox  base  vibrations,  the  casing  vibrations  may  well  be 
the  direct  source  of  the  radiating  noise.  Since  so  little  of  the  base 
vibrations  are  transmitted  directly  through  the  corner  mounts  into  the  air¬ 
craft  structure  and  since  even  the  lift  link  offers  some  overall  attenua¬ 
tion,  the  structural  path  of  noise  transmittal  may  be  of  reduced  signi- 
fiance.  In  this  way,  the  observed  relationships  lend  support  to  the  sug¬ 
gestion  made  earlier  that  a  large  part  of  the  gearbox  noise  reaching  the 
pilot  is  airborne. 

CABIN  SURFACE  VIBRATION  MEASUREMENTS 


These  measurements  were  included  as  a  possible  source  of  additional  infor¬ 
mation  on  the  mode  of  noise  transmittal  into  the  cabin  area.  Practical 
considerations  limited  the  measurements  to  overall  levels  of  acceleration. 
These  measurements  and  their  locations  in  the  cabin  are  shown  in  Figure  19. 

Before  any  analysis  of  these  measurements  is  attempted,  the  limitations  of 
overall  levels  as  '  rce  of  information  must  be  considered.  As  explained 

earlier  in  connection  with  noise  level  measurements,  the  overall  value  for 
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the  entire  frequency  range  reflects  almost  exclusively  the  highest  levels 
attained  anywhere  in  the  frequency  spectrum.  For  example,  in  the  noise 
measurements  shown  in  Figure  10,  the  overall  level  for  the  noise  at  the 
*  gearbox  compartment  would  L"  slightly  greater  than  the  highest  peak  in  the 

upper,  or  gear  noise,  frequency  range.  This  is  demonstrated  very  clearly 
in  the  narrow-band  analysis  of  Figure  12,  in  which  the  overall  noise  level 
is  shown  in  the  upper  right.  In  a  similar  way,  the  overall  level  for  the 
noise  at  the  pilot's  station  would  again  be  only  somewhat  higher  than  the 
r  highest  peak,  which  occurs  in  the  lower,  or  rotor  noise,  frequency  range. 

As  the  cabin  surface  vibration  measurements  were  made  in  the  cabin,  it  is 
reasonable  to  expect  that  the  overall  levels  indicated  will  more  likely  re¬ 
flect  peaks  in  the  lower  frequency  range.  Hence,  these  overall  level  mea¬ 
surements  will  tell  more  about  the  transmittal  of  rotor  noise  than  that  of 
gear  noise. 

The  tabulated  data  in  Figure  19  show  that  vibration  levels  are  fairly  uni¬ 
form  on  most  of  the  cabin  surfaces.  Only  two  general  locations  stand  out 
with  measurements  of  higher  vibration.  The  greater  vibration  on  the  side 
of  the  rear  door,  position  11,  suggests  that  this  is  a  poinc  of  entry  of 
external  rotor  noise.  The  other  high  levels  are  at  various  locations  on 
the  gearbox  compartment  bulkhead,  positions  12  through  16.  The  vibration 
at  the  last  of  these  positions  was  recorded  and  reduced  to  a  narrow-band 
analysis.  The  major  peaks  in  this  analysis  are  plotted  on  a  velocity  db 
scale  in  Figure  19.  While  most  of  the  gear  meshing  frequencies  appear,  the 
highest  peaks,  as  anticipated,  from  the  crew  compartment  noise  measurements 
of  Figures  5,  6,  and  7,  are  in  the  low-frequency  end  of  the  scale.  Thus, 
the  high  overall  vibration  levels  measured  at  the  bulkhead  represent  rotor 
pulsations,  which  find  a  relatively  direct  path  through  the  bulkhead  into 
the  cabin  area. 

Since  these  cabin  wall  vibration  measurements  were  not  in  a  form  which 
throws  further  light  on  the  mode  of  transmittal  of  gearbox  noise,  any 
final  conclusions  must  rest  on  the  indirect  evidence  discussed  earlier. 

This  evidence  pointed  to  the  airborne  mode,  radiation  of  noise  directly 
from  the  gearbox,  as  having  major  significance. 

GEARBOX  CASING  RESONANCE  MEASUREMENTS 


These  measurements  were  undertaken  to  detemrvne  if  any  isolated  resonances 
exist  in  the  gearbox  casing  which  will  impose  a  specific  character  on  the 
«  noise  produced.  With  this  as  the  sole  reason,  no  attempt  was  made  to  con¬ 

duct  a  detailed  study  of  vibration  modes  or  to  identify  all  closely  spaced 
individual  resonant  frequencies. 

The  general  procedure  followed  was  that  of  applying  a  constant-amplitude 
*  vibrational  force  of  a  preset  frequency  to  a  selected  point  on  the  casing, 

while  accelerometers  fixed  to  the  casing  at  various  points  recorded  the 
magnitude  of  the  resulting  local  vibrations.  The  procedure  was  repeated 
for  other  sot  frequencies  at  closely  spaced  intervals  over  the  entire  fre¬ 
quency  range  of  interest,  all  the  while  keeping  the  vibrational  force  at 
the  same  level.  Then  the  force  was  shifted  to  other  locations.  The  accel¬ 
erometers  remained  in  position,  except  for  one  /hich  moved  so  that  it  would 
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always  be  at  the  point  of  force  application.  A  total  of  three  force  loca¬ 
tions  were  investigated.  These  are  identified  in  Figure  20,  as  are  those 
of  the  accelerometer  locations  which  have  been  chosen  for  consideration  in 
the  discussion  which  follows. 

« 

Representative  measurements  from  these  accelerometer  locations  hove  been 
plotted  in  Figures  21  through  24.  Before  the  plotted  results  are  discussed, 
the  format  of  these  curves  will  be  explained.  Although  they  appear  very 
similar  to  the  third-octave  plots  of  noise  and  vibration  measurements  pre- 

9  sented  earlier,  there  are  basic  differences.  Each  measurement  was  made 

with  excitatio.:  at  a  single,  discrete  frequency.  Hence,  the  response  re¬ 
corded  is  for  that  frequency  only  and,  unlike  the  third-octave  measure¬ 
ments,  does  not  show  the  combined  effect  with  response  at  other  frequencies, 
adjacent  or  otherwise.  The  line  segments  connecting  the  recorded  points 
merely  show  that  the  connected  points  came  from  Lhe  same  accelerometer. 

Peaks  and  valleys  have  no  special  significance;  th°  peak  measurement  is 
merely  greater  than  its  neighbors  and  the  valley  measurement  is  just 
smaller  than  its  neighbors.  The  individual  frequencies  used  for  measure¬ 
ment  were  "'elected  on  the  basis  of  practical  considerations;  they  were  suf¬ 
ficiently  closely  spaced  to  pick  up  a  large  number  of  resonances,  but  not 
so  closely  spaced  that  the  testing  would  b  unnecessarily  drawn  out.  All 
the  measurements  taken  are  tabulated  in  Appendix  11,  but  the  vl°ts  in 
Figures  21  through  24,  for  reasons  of  brevity  and  clarity,  show  only  a  re¬ 
presentative  portion  of  these  measurements.  The  frequencies  selected  for 
these  plots  were  those  closest  to  the  conventional  third-octave  midpoints. 
Use  of  these  values  gave  an  unbiased  selection  and  gave  approximately  uni¬ 
form  spacing  between  the  measurements  as  plotted  on  a  logarithmic  fre¬ 
quency  scale.  Although  individual  resonances  appeared  at  frequencies  that 
fell  between  these  selected  values,  their  levels  followed  the  same  general 
trends  shown.  The  vertical  scale  in  the  plots  gives  the  motion  of  the 
casing  surfaces  as  acceleration,  so  that  the  constant  driving  force  used 
would  give  constant  response  except  where  a  resonance  pffect  is  present. 

The  db  scale  is  used  to  compress  the  large  range  of  response.  The  db 
reference  values  for  the  various  accelerometers  are  sufficiently  alike  that 
relative  positions  of  the  curves  may  be  interpreted  as  shown. 

Figure  21  compares  the  response  just  alongside  the  excitation  for  the  three 
different  driving  points.  Although  the  driving  points  are  widely  separated 
on  the  gearbox,  and  the  casing  construction  at  each  point  is  quite  dif¬ 
ferent,  the  three  sets  of  results  show  strong  similarities.  In  general, 
they  all  start  from  a  minimum  at  200  cycles,  rise  more  or  less  uniformly 
until  about  2000  to  4000  cycles,  and  then  drop  off  slightly  until  the 
highest  frequency  measured,  10,000  cycles,  is  reached.  The  nearly- 
matching  response  curves  would  seem  to  indicate  that  despite  apparent  case 
construction  differences,  there  is  an  overriding  similarity  throughout  the 
casing  as  far  as  dynamic  response  is  concerned.  At  the  same  time,  it  must 

m  be  recognized  that  the  similarities  may  result  from  an  unknown  common  in¬ 

fluence  originating  in  the  test  technique.  If  this  is  the  case,  the  re¬ 
sults  ret orded  may  also  be  describing  the  dynamic  characteristics  of  the 
test  system,  end  not  purely  those  of  the  casing  alone.  Because  it  was  not 
possible  to  identify  any  such  influence  on  the  part  of  the  test  methods,  it 
has  not  been  taken  into  account  in  interpreting  the  results.  However, 
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Figure  21.  Gearbox  Casing  Vibration  Response  -  Measured  at  Point  of  Excitation 


Figure  23  Gearbox  Casing  Vibration  Response  -  Driving  Force  Applied  at  Ring  Gear. 
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most,  If  not  all,  of  the  conclusions  drawn  from  the  measurements  would  not 
be  changed  if  such  an  influence  on  the  general  shape  of  the  response  curves 
were  to  be  confirmed. 

Referring  again  to  Figure  21,  the  differences  between  the  curves  are  quite 
significant.  There  are  no  isolated  frequencies  at  which  all  the  curves 
show  a  common  maximum  response.  For  example,  at  3000  cycles,  the  ring  gear 
response  is  at  its  highest  level  but  the  response  at  the  mast  bearing  is 
more  than  5  db  below  its  highest  and  the  response  at  the  input  bearing  is 
about  10  db  below  its  highest.  If  all  three  locations  were  excited  simul¬ 
taneously,  as  might  be  expected  in  the  operating  gearbox,  it  is  quite 
likely  that  the  composite  response  at  each  of  the  frequencies  would  be  less 
variable  than  the  individual  responses  are  shown  to  be.  The  overall  effect 
of  casing  resonance  at  the  drive  points  therefore  appears  to  be  fairly  uni¬ 
form,  at  least  in  the  frequency  range  above  about  2000  cycles.  This  range, 
incidentally,  includes  those  frequencies  previously  demonstrated  to  have 
the  major  gear  noise  components. 

Figures  22,  23  and  24  each  compare  the  casing  response  at  the  drive  point 
to  the  response  at  other  locations.  One  of  these  locations  is  on  the  main 
casing  section,  below  the  ring  gear.  The  other  two  locations  are  on  the 
base,  and. their  measurements  have  been  averaged  to  give  some  rough  idea  of 
a  composite  response.  The  measurements  at  these  non-driving-point  loca¬ 
tions  all  show  certain  common  characteristics.  First  of  all,  at  frequen¬ 
cies  up  to  about  1600  cycles,  the  response  stays  fairly  constant  at  close 
to  50  db.  This  simply  Indicates  that  at  these  frequencies  and  at  these 
locations,  the  applied  force  is  simply  shaking  the  casing  as  a  rigid  body 
in  its  soft  mounts.  At  higher  frequencies,  the  response  plot  starts  to 
follow  the  response  at  the  driving  points,  but  at  levels  of  20  to  30  db 
lower.  The  shapes  of  the  response  curves  for  base  and  main  section  loca¬ 
tions,  especially  the  former,  are  very  similar  to  the  higher  response 
curves . 

These  other  curves  tend  to  reinforce  the  conclusion  stated  after  study  of 
Figure  21,  that  a  composite  response  with  excitation  at  all  locations  has 
no  isolated  resonance,  and  that  the  many  individual  resonances  tend  to  com¬ 
bine  to  give  a  more  or  less  uniform  response  at  frequencies  above  2000 
cycles.  The  relationship  between  the  response  at  the  non-driving  locations 
to  that  at  the  drive  points  leads  to  some  additional  conclusions.  Although 
the  excitation  force  is  applied  in  a  fairly  restricted  area,  its  effect  is 
felt  throughout  the  casing.  The  response  at  the  other  locations  may  be  20 
or  30  db  lower  than  that  at  the  drive  point,  but  this  reduction  may  be  more 
than  offset  by  the  larger  surfaces  involved.  Another  conclusion  derives 
from  the  similarity  in  the  response  of  the  base,  in  its  variation  fiora 
frequency  to  frequency,  to  that  of  the  portion  of  the  structure  where  the 
driving  force  is  applied.  This  similarity  suggests  that  it  is  the 
resonance  in  the  drive  point  structure,  rather  than  in  the  connecting 
structure  or  the  base  itself,  which  determines  the  general  character  of  the 
overall  response  of  the  gearbox  casing. 
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GENERAL  DESCRIPTION  OF  ANALYSIS 


The  analytical  method  developed  in  this  program  for  predicting  gear  noise 
levels  is  described  in  basic  form  in  Figure  25.  The  data  used  in  the  cal- 
culation  are  derived  primarily  from  the  design  of  the  gearbox  and  other 
components  in  the  main  drive  system.  If  a  new  gearbox  design  is  to  be 
analyzed,  information  normally  found  in  a  design  layout  will  suffice. 

Data  from  the  operating  conditions  is  also  required,  specifically  the 
horsepower  transmitted  and  the  speed.  The  final  information  needed  is  re¬ 
lated  to  the  as-manufactured  condition  of  the  gears.  Ideally,  this  infor¬ 
mation  will  be  taken  from  measurements  on  representative  gears.  In  the 
case  of  a  new  design,  where  the  gears  have  not  yet  bean  manufactured,  it 
is  possible  to  use  information  derived  from  pest  measurements  of  similar 
gears.  When  the  gears  have  been  precision  ground,  as  is  typical  of  heli¬ 
copter  transmission  gearing,  th»  significance  of  the  manufacturing  de¬ 
viations  may  be  rather  small  and  estimates  of  gear  errors  based  on  design 
specifications  will  suffice.  The  computation  procedure  Involves  three 
steps,  which  are  briefly  described  below.  Representative  results  will  be 
presented  in  later  portions  of  the  Discussion  section.  Detailed  descrip¬ 
tions  of  the  analyses  and  computer  programs  ers  presented  '.it  A-pendlxes 
IV,  V  and  VI.  ^ 

The  first  step,  using  a  computer  program,  is  an  evaluatl  .its  magnitude 

of  the  excitation  or  disturbance  Introduced  into  the  gea.'u...  vibrational 
system.  This  excitation  comes  predominantly  from  the  meshing,  or  clashing, 
of  the  gear  teeth,  as  was  demonstrated  in  the  noise  and  vibration  measure¬ 
ments  discussed  earlier.  Hence,  the  first  computer  program  considers  in 
very  thorough  fashion  many  aspects  of  the  gear  meshing  phenomenon.  The 
present  program  is  written  specifically  for  spur  gears,  which  make  up  most 
of  the  gearing  in  the  conventional  helicopter  gearbox.  A  more  general  pro¬ 
gram  would  also  consider  helical  gears,  but  it  was  found  to  be  most  im¬ 
practical  to  take  on  this  more  complex  problem  without  first  gaining  some 
experience  with  the  simpler  spur  gear  case.  The  first  reduction  gears  in 
the  helicopter  gearboxes  are  generally  spiral  bevel  gears.  Although  these 
gears  cannot  be  analyzed  exactly,  the  existing  program  does  assist  in  ob¬ 
taining  usable  estimates  of  the  excitation  they  produce. 

The  output  of  this  first  program  is  in  the  form  of  a  series  of  excitation 
amplitudes,  corresponding  to  frequencies  equal  to  the  gear  teeth  meshing 
rate  and  its  harmonics.  The  program  also  provides  a  computed  value  of  the 
mean  combined  stiffness  of  the  nestling  gear  teeth. 

ii.e  second  step  is  a  vibration  response  calculation  performed  by  a  main 
computer  program  supplemented  by  an  auxiliary  program.  The  main  program 
treats  the  entire  main  power  drive  system,  from  engine  to  rotor,  as  a  tor- 
s tonally  vibrating  system  excited  by  displacement  pulsations  in  each  gear 
mesh.  This  program  is  written  around  the  conventional  gearing  arrangement 
helicopter  gearboxes:  a  simple  stage  of  reduction  gears  used  together 
with  two  planetary  reduction  stages.  Tnere  are  several  unique  features  in 
this  program.  Excitation  is  introduced  as  a  displacement  Instead  of  in  the 
more  conventional  manner  of  exciting  forces  or  torques.  The  planetary 
systems  are  subjected  to  a  thorough  dynamic  analysis,  which  considers 
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elasticity  at  all  gear  teeth  meshing  points,  in  the  planet  carrier,  ar.d 
even  in  the  mounting  restraint  of  the  ring  gear.  Likewise,  the  individual 
inertias  of  all  of  the  components  are  included.  The  program  has  provision 
for  damping  at  bearing  locations,  but  not  of  the  gear  teeth  meshing  points. 

Although  this  additional  feature  is  highly  desirable,  it  would  have  added  * 

considerable  complexity,  and  it  was  best  -eferred  to  a  future  refinement  of 
the  program. 

The  results  of  this  response  calculation  are  in  the  form  of  dynamic 
torques  which  act  on  the  driving  gears.  Under  certain  conditions  of  planet  * 

phasing,  it  is  necessary  to  use  the  supplementary  computer  program  on  each 
of  the  planetary  stages  in  order  to  get  the  forces  associated  with  the  in¬ 
dividual  planets. 

The  final  step  of  the  calculation  process  takes  the  excitation^ values  from 
the  first  computation  and  the  dynamic  forces  from  the  second  computation 
and  translates  them  into  predicted  noise  levels.  The  actual  process 
through  which  excitation  leads  to  noise  is  extremely  complex  and  very  de¬ 
pendent  on  many  specific  design  features  of  the  particular  gearbox  and  its 
environment  in  the  helicopter.  Development  of  a  rigorous  analysis  which 
follows  in  step-by-step  fashion  the  actual  noise  production  process  was 
judged  to  be  unrealistic,  considering  the  present  state  of  knowledge  in  the 
field.  Instead,  the  calculation  employs  a  very  direct  method  which  has 
more  of  an  empirical  than  an  analytical  basis.  This  method  was  adopted 
from  one  which  demonstrated  its  effectiveness  when  used  for  noise  level 
predictions  on  other  types  of  gear  transmission  systems  (see  Reference  5). 

The  original  analysis  postulates  that  for  each  excitation  frequency  there 

is  a  scalar  quantity  akin  to  power  which  is  introduced  at  the  excitation 

points  and  which  finds  its  way  through  the  shafts  and  bearings  into  the 

casing.  This  "power"  shows  up  in  the  casing  in  the  form  of  casing  surface 

vibrations,  and  a  known  small  portion  of  it  is  thereby  converted  into 

acoustical  power.  The  "power"  at  the  source  is  taken  as  the  product  of  the 

absolute  excitation  displacement  times  the  absolute  dynamic  force  of  the 

same  frequency  developed  at  the  same  point.  Zero  attenuation  while  passing 

through  the  bearings  is  assumed.  This  assumption  is  reasonable  because  the 

bearings  are  both  laterally  stiff  and  free  of  lateral  damping.  A  response 

of  the  casing  independent  of  frequency  is  presupposed.  Measurements  of  the 

gearbox  casing  response  described  earlier  do  indeed  indicate  that  there  is 

no  isolated,  dominant  casing  resonant  frequency  and  that,  instead,  the 

overall  level  of  response  in  almost  all  of  the  gear  noise  frequency  range 

was  relatively  uniform.  The  assumption  that  noise  is  directly  produced  by 

the  vibration  of  the  gearbox  housing  and  that  it  is  not  dependent  on  the  » 

aircraft  structure  is  also  supported  by  measurements  made  in  the  program. 

These  noise  and  vibration  measurements,  it  may  be  recalled,  strongly 
pointed  to  the  airborne  mode  of  noise  transmittal. 

After  finding  the  noise  power  levels,  the  calculation  procedure  converts  « 

them  to  sound  pressure  levels  as  measured  by  the  noise  level  Instruments. 

To  facilitate  comparison  of  calculated  to  measured  noise  levels  in  third- 
octave  band  spectra,  the  procedure  also  includes  a  means  of  simulating  the 
effect  of  noise  analyzer  filters  in  combining  noise  levels  of  close  fre¬ 
quencies.  Thus  the  final  result  of  predicted  noise  levels  is  very  similar 
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in  presentation  to  the  results  of  actual  measurement. 

GEAR  EXCITATION  ANALYSIS 

» 

The  gear  excitation  of  vibration  comes  from  the  imperfect  action  of  the 
meshing  gear  teeth.  Perfect  gear  action  takes  place  when  the  ratio  of  in¬ 
stantaneous  velocity  of  the  two  gears  remains  absolutely  constant  and  no 
varying  loads  are  introduced  by  the  meshing  action.  This  perfect  action  is 
*  not  achieved  in  actual  gearing  because  of  a  combination  of  the  following 

conditions  (References  5,  6,  and  7): 

1.  Nonuniform  deflection  of  gear  teeth  under  a  steady  load 

2.  Imperfect  geometry  of  the  gear  due  to  manufacturing  and  sometimes 
also  design 

3.  Variable  frictional  forces  acting  at  the  teeth  contact  points 

4.  Variable  hydraulic  forces  due  to  oil  pocketing  in  the  spaces 
between  meshing  teeth 

The  analysis  developed  considers  the  first  two  items  for  those  characteris¬ 
tics  which  show  up  uniformly  from  tooth  to  tooth.  Any  characteristics  of 
deflection  or  geometry  which  are  not  uniform  in  this  manner  will  not  gener¬ 
ate  disturbances  of  the  tooth  meshing  frequency  or  its  harmonics  and  there¬ 
fore  do  not  contribute  to  the  noise  components  under  study.  Items  3  and  4 
were  judged  to  contribute  less  to  gear  excitation  in  helicopter  gearboxes 
than  Items  1  and  2  and  were  set  aside  for  future  refinement  of  the  present 
analysis  - 

As  part  of  its  procedure  tor  calculating  the  excitation  components,  the 
analysis  and  its  computer  program  finds  the  point-by-point  variation  in 
gear  teeth  deflection.  This  is  illustrated  in  Figure  26(a),  which  gives 
the  unit  normal  deflections  calculated  for  a  single  tooth  on  the  upper  sun 
driving  a  single  tooth  on  the  planet  under  a  tangential  load  of  2  300 
pounds.  As  shown  in  the  figure,  total  gear  tooth  deflection  is  the  sum  of 
the  flexural  displacement  of  the  driving  and  driven  teeth  plus  the  combined 
contact  or  Hertrian  deformation.  The  form  of  the  individual  tooth  dis¬ 
placement  curves  may  be  explained  in  the  following  manner.  Since  the 
driving  tooth  comes  into  mesh  with  the  load  applied  near  its  root,  it  ex- 
periences  very  little  flexural  displacement  at  its  load  point.  As  the 
driving  tooth  continues  in  mesh,  the  load  point  moves  out  toward  the  tip  of 
the  tooth,  and  this  displacement  increases  rapidly.  The  driven  gear  tooth 
comes  into  mesh  with  the  load  applied  at  its  tip,  and  therefore  its  dis¬ 
placement  characteristic  is  in  reverse.  When  the  two  curves  are  combined, 

»  a  more  nearly  uniform  displacement  results.  The  addition  of  the  contact 

deformation,  which  is  uniform  throughout  the  gear  teeth  engagement,  gives 
the  total  deflection  curve. 

Figure  26  shows  how  this  total  deflection  curve  for  one  pair  of  teeth  ap¬ 
plies  only  during  that  part  of  the  meshing  action  in  which  only  one  pair 
transmits  load.  When  load  transmission  is  shared  with  adjoining  teeth,  the 
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single  pair  in  question  has  only  a  fraction  of  the  total  load  and  deflects 
correspondingly  less.  The  individual  pair  of  teeth  therefore  experiences  a 

*  pattern  of  no  deflection  at  no  load,  partial  deflection  when  load  is  shared, 
full  deflection  when  the  load  is  carried  alone,  partial  deflection  as  load 
is  again  shared,  and,  finally,  no  deflection  as  the  pair  of  teeth  goes  com¬ 
pletely  out  of  mesh. 

*  The  gear  as  a  whole  does  not  experience  the  intervals  of  no  deflection,  for 
when  the  single  pair  is  out  of  mesh,  other  teeth  are  carrying  the  load  and 
deflecting  in  a  similar  manner.  Trtt  pattern  for  the  entire  gear  may  also 
be  seen  in  Figure  26(b).  The  right-h_r.d  part  of  the  deflection  curve  has 
been  augmented  by  the  deflection  of  the  next  pair.  Going  from  the  pitch 
point  of  one  pair  to  that  of  the  next  gives  a  repeating  pattern  for  the  en¬ 
tire  gear  of  full  deflection,  partial  deflection,  and  back  to  full  deflec¬ 
tion. 

This  same  pattern  is  shown  in  the  upper  part  of  Figure  27.  It  is  a  dupli¬ 
cate  of  the  right-hand  portion  of  Figure  26(b)  except  that  the  ordinate  is 
given  as  measured  on  the  pitch  circle.  The  lower  part  of  the  figure  de¬ 
scribes  the  manner  in  which  load  is  transferred  from  the  first  to  the 
second  pair  of  mating  teeth.  Each  pair  carries  the  full  load  except  when 
both  pairs  are  in  contact  and  sharing  the  load.  When  the  second  pair  of 
teeth  comes  into  contact,  the  load  on  the  first  pair  suddenly  drops  off  to 
about  60  percent,  decreases  to  about  40  percent  during  the  load-sharing  in¬ 
terval,  and  then  drops  to  zero  as  the  pair  of  teeth  separates.  This  cycle 
of  variable  deflection  described  in  the  upper  part  of  Figure  27  prevents 
the  driven  gear  from  keeping  a  perfectly  uniform  speed  relationship  with 
respect  to  the  driving  gear.  As  the  steps  in  the  deflection  curve  are  ex¬ 
perienced,  the  driven  gear  will  attempt  to  instantaneously  speed  up  and 
slow  down.  To  do  so,  it  must  overcome  the  stiffness  and  inertia  of  the 
gears  and  other  components  in  the  drive  system.  The  result  is  the  excita¬ 
tion  of  vibration  into  this  system.  The  fundamental  frequency  of  this  vi¬ 
bration  will  be  the  frequency  corresponding  to  the  deflection  curve  cycle, 
that  is,  the  tooth  meshing  frequency.  Because  the  deflection  curve  shows 
sharp  changes,  in  practice  not  so  sharp  as  shown  in  the  plotted  curves  but 
nevertheless  abrupt,  the  excitation  will  also  include  components  of  higher 
harmonics.  These  harmonics  are  evaluated  in  the  computer  program  by  means 
of  a  Fourier  analysis,  so  that  the  total  excitation  is  expressed  in  a 
series  of  sine  and  cosine  curves  related  in  phase  with  the  pitch  point  as  a 

•  reference. 

The  deflection  curves  discussed  above  were  based  on  perfect  involute  teeth 
with  no  profile  deviations,  either  in  design  or  in  manufacturing.  The  in¬ 
troduction  of  any  such  changes  in  the  tooth  profile  will  require  a  new 

•  curve  to  describe  the  variability  of  rotation  of  the  driven  gear  relative 
to  the  driving. 

Some  of  the  gears  in  the  'JH-1D  gearbox  have  been  designed  with  teeth  pro¬ 
files  which  are  not  true  involutes.  The  specified  profiles  for  sun  and  ring 
gears  have  been  modified  so  that  the  trace  of  a  profile  measurement  will  be 
inclined  rather  than  a  parallel  straight  line.  Figures  28  and  29  give  pro¬ 
file  data  for  the  sun  and  ring  gears  respectively.  The  dotted  line  in  the 


Figure  27.  Gear  Mesh  Pulsations  for  Upper  Sun  Driving  Planet  With  Involute 
Profiles  on  Both. 
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FRACTION  OF  TOOTH  SPACINC  ANGLE. 


upper  plot  of  each  figure  shows  the  design  profile  as  an  inclined  line, 
while  the  dotted  line  in  the  center  plot  of  each  figure  shows  the  true 
involute  profile  as  a  parallel  line. 

The  effect  of  this  design  modification  is  illustrated  in  Figure  30.  By 
comparing  the  pulsation  curve  for  the  design  profile  with  that  of  the  true 
involute  profile  in  Figure  27,  it  is  seen  that  the  profile  modification  has 
reduced  the  abrupt  step  as  the  second  pair  comes  into  contact,  but  has  in¬ 
creased  the  step  as  the  first  pair  goes  out  of  contact.  The  load  transfer 
c -rve  in  Figure  30  shows  how  the  design  profile  results  in  the  first 
pair's  carrying  most  of  the  load  until  it  goes  out  of  mesh. 

Other  types  of  profile  modifications  may  be  made  part  of  the  gear  design. 

One  such  modification,  designed  to  reduce  gear  excitation,  will  be  discus¬ 
sed  in  a  later  section  of  the  report. 

Deviations  from  a  true  involute  profile  as  actually  found  in  gears  also  in¬ 
clude  the  effects  of  manufacturing  errors.  Measured  profiles  show  point-to- 
point  irregularities  as  well  as  more  extended  deviations  from  the  ideal 
design  profile.  As  long  as  these  deviations  remain  within  the  tolerance 
band  normally  specified  with  the  design  profile,  the  gear  will  be  accepted 
for  use.  However,  these  deviations,  very  often  repeated  from  tooth  to 
tooth,  influence  the  gear  mesh  pulsation  effect  and  hence  the  gear  excita¬ 
tion. 

Actual  profile  measurements  are  shown  in  Figures  31,  32,  and  33.  For  one 
profile  in  each  of  the  first  two  sets  of  urves,  point-by-point  deviations 
from  a  parallel  line,  or  true  involute  profile,  have  been  measured  using 
the  pitch  point  as  the  zero  deviation.  (The  third  set  of  curves,  taken 
from  a  planet  gear,  are  already  so  close  to  a  true  involute  that  the  de¬ 
viations  havai  been  neglected  in  the  calculations  used  in  the  illustrations 
in  this  report.)  These  point-by-point  deviations  have  been  plotted  along¬ 
side  the  design  profile  curves  in  Figures  28  and  29.  These  measured  pro¬ 
files  show  both  types  of  profile  deviations:  the  extended  deviations  in 
the  case  of  the  sun  gear  in  Figure  28  and  the  point-by-point  deviations 
around  the  design  profile  in  the  case  of  the  ring  gear  in  Figure  29.  In 
both  figures,  the  manufacturing  error,  taken  as  the  point-by-point  dif¬ 
ference  between  the  measured  and  design  profiles,  has  also  been  plotted  as 
it  would  appear  if  superimposed  on  a  true  profile. 

The  gear  excitation  computer  program  includes  the  effects  of  the  manufac¬ 
turing  errors  of  both  meshing  gears  along  with  any  profile  design  modifi¬ 
cations  in  calculating  pulsation  and  load  transfer  curves.  As  an  illus¬ 
tration,  Figure  30  shows  these  curves  for  the  measured  profile  of  the  sun 
gear.  When  this  pulsation  curve  is  compared  to  that  for  the  design  profile, 
the  small  contribution  of  manufacturing  errors  as  compared  to  gear  deflec¬ 
tion  is  recognized.  This  minor  effect  of  manufacturing  errors  is  seen 
again  when  the  magnitudes  of  the  computed  excitation  components  for  the  two 
profiles  are  compared.  Table  V  gives  these  magnitudes  for  the  fundamental 
and  first  two  harmonics  resulting  from  the  design  and  measured  profiles  for 
the  case  of  the  upper  sun  driving  the  planet  and  the  case  of  the  upper 
planet  driving  the  ring.  With  the  former  case,  the  effect  of  manufacturing 
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TABLE  V.  COMPARISON  OF  GEAR  EXCITATION  - 

EFFECT  OF  MANUFACTURING  PROFILE  ERROR 

Fund . 

2nd  Harm. 

3rd  Harm. 

Upper  sun  driving  planet  at  85%  rated  load 

Excitation  with  Design  Profile  -  mils 
(Case  101)-  no  manufacturing  error 

.160 

.070 

.043 

Excitation  with  Measured  Profile  -  mils 
(Case  103)-  with  manufacturing  error 

.174 

.088 

.057 

Effect  of  Manufacturing  Error  or.  Noise  Level 

0.7  db 

2.0  db 

2.4  db 

Upper  planet  driving  ring  at  85%  rated  load 

Excitation  with  Design  Profile  -  mils 
(Case  301)-  no  manufacturing  error 

.161 

.053 

.041 

Excitation  with  Measured  Profile  -  mils 

(Case  303)-  with  manufacturing  error 

.156 

.054 

.048 

Effect  of  Manufacturing  Error  on  Noise  Level 

-0.3  db 

0.2  db 

1.4  db 

Note:  The  excitation  amplitude*  given  In  this  table  are  the  resultants  of  the  sine 
and  cosine  components  for  each  hartonic.  These  resultants  do  not  reflect 
the  phase  shift  for  each  harmonic  which  may  accompany  the  changed  profile. 

The  no 1 s f :  level  changes  are  based  on  the  assumption  that  each  excitation 
component  acts  alone  to  excite  dynamic  forces  and  noise.  In  the  planetary 
stages,  excitation  from  sun  and  ring  gear  meshes  interact  and  effective  noise 
changes  may  not  correspond  to  those  shown  in  the  table. 


57 


*-v-  -  *  •»*** 


error  on  noise  level  is  very  small  at  the  fundamental  and  reaches  a  maximum 
of  a  2.4-db  noise  increase  at  the  third  harmonic.  In  the  case  of  the  ring 
gear  and  planet,  where  the  manufacturing  error  showed  only  point-to-point 
variation  about  the  design  profile,  the  effect  on  noise  level  is  even 
smaller,  showing  a  maximum  of  1.4  db  at  the  third  harmonic. 

The  gear  excitation  computer  program  may  also  be  used  to  study  the  influ¬ 
ence  of  any  other  gear  design  or  operating  parameter.  As  an  illustration, 
the  effect  of  gear  loading  on  the  upper  sun  and  planet  gearing  has  been 
examined.  Figure  34  shows  the  pulsation  curves  for  four  load  conditions 
ranging  from  45  percent  to  105  percent  of  rated  gearbox  load.  The  gear 
tooth  profiles  used  are  the  design  profiles,  that  is,  inclined  involute  on 
the  sun  and  true  involute  on  the  planet.  This  figure  shows  how  the  pulsa¬ 
tions  are  increased  as  the  load  increases.  Table  VI  gives  the  individual 
components  of  the  gear  excitation  for  both  the  sun-planet  and  planet-ring 
cases  with  design  profiles.  Increasing  load  brings  up  the  excitation 
amplitude  for  all  harmonics.  Relative  noise  levels  based  on  these  ampli¬ 
tudes  also  increase  with  load,  but  not  necessarily  by  a  uniform  amount. 

In  the  case  of  the  planet-ring  combination,  load  change  from  45  percent  to 
105  percent  of  rated  load  will  increase  the  noise  level  by  6.6  db  in  the 
fundamental  component  and  by  6.9  db  in  the  third  harmonic  component,  but 
only  by  4.2  db  in  the  second  harmonic  component. 

When  the  practical  gear  is  considered,  the  manufacturing  error  present  will 
take  an  added  significance  as  the  gear  tooth  deflection  decreases  with  de¬ 
creased  load.  At  low  loads,  this  manufacturing  error  will  be  the  major 
source  of  gear  excitation  and  noise,  and  further  load  reduction  will  have 
little  benefit  in  reducing  noise.  Table  VI  shows  this  for  the  sun-planet 
mesh.  Dropping  the  load  from  85  percent  to  1  percent  of  rated  load  drops 
the  noise  level  less  than  10  db. 

Excitation  components  were  computed  for  the  conditions  matching  those 
under  which  in-flight  noise  measurements  were  made.  These  are  tabulated 
in  Table  VII.  The  profiles  used  in  the  computation  were  taken  from  one  of 
the  measured  profiles  available  for  each  type  of  gear.  The  loads  used 
were  those  corresponding  to  the  85  percent  of  rated  load  observed  during 
the  cruise  flight  cordition.  Gear  design  data  were  taken  from  manufac¬ 
turing  drawings. 

Since  the  computer  program  treats  only  spur  gears,  calculations  for  the 
spiral  bevel  gears  involved  a  series  of  approximations.  First  of  all,  the 
bevel  configuration  was  converted  to  an  approximately  equivalent  parallel 
axis  gear  configuration  using  Tregold's  approximation.  Second,  the  spiral 
feature,  already  converted  into  an  equivalent  helical  feature,  was  further 
reduced  to  an  equivalent  spur  gear  set.  The  spur  tooth  proportions,  taken 
from  the  normal  plane  of  the  helical  set,  were  used  by  the  computer  program 
to  get  tooth  deflections.  The  fundamental  of  the  mesh  pulsations  was  esti¬ 
mated  from  these  deflections  after  taking  into  account  that  load  is  shared 
by  two  or  three  pairs.  No  attempt  was  made  to  estimate  the  higher  har¬ 
monic  components  for  several  reasons.  The  approximations  made  in  con¬ 
verting  tne  spiral  bevel  gears  into  equivalent  spur  gears  lose  their 
relevancy  if  the  program  is  to  be  used  to  find  higher  harmonics  in  the 
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TABLE  VI.  COMPARISON  OF  GEAR  EXCITATION  - 
EFFECT  OF  OPERATING  LOAD 


Fund. 

2nd  Harm. 

3rd  Harm. 

Amp  1'  - 
tude 

Relatlvi 
Nolae 
Leve  1 

Amp  11- 
tude 

Re  latlv< 
Noise 
Leve  1 

Ampli¬ 

tude 

Relative 

Noise 

Level 

Upper  Sun  Driving  Planet 
-with  dealgn  profile* 

45X  rated  load  (caae  104) 

.095  mil 

-4.5  db 

.048  ml] 

-3.3  dt 

.031  mil 

-2.8  dt 

65X  rated  load  (caae  105) 

.126 

-2.1 

.058 

-1.6 

.036 

-1.6 

85X  rated  lead  (caae  101) 

.160 

0 

.070 

0 

.043 

0 

105X  rated  load  (caae  106) 

.192 

1.6 

.082 

1  .4 

.049 

1.1 

Upper  Planet  Driving  Ring 
-with  deslen  profiles 

45X  rated  load  (caae  304) 

.090  mil 

-5.0  db 

.038  mil 

-2.9  db 

.023  mil 

-5.0  dt 

65X  rated  load  (caae  305) 

.125 

-2.2 

.045 

-1.4 

.301 

-2.4 

85X  rated  load  (case  301) 

.161 

0 

.053 

0 

.041 

0 

105X  rated  load  (case  306) 

.195 

1.6 

.061 

1.2 

.051 

1.9 

Upper  Sun  Drlvlna  Planet 

-with  measured  profile 

85X  rated  load  (case  103) 

.174  mil 

0  db 

.083  mil 

0  db 

.057  mil 

0  dt 

IX  rated  load  (case  114) 

.081 

-6.6 

.044 

-6.0 

.023 

-7.9 

Not*:  The  excitation  amplitude*  given  In  thi*  table  are  the  reaultants  of  the  alne  and 
coalne  component*  for  each  harmonic.  Thete  reiultanta  do  not  reflect  the  phaae 
ahlft  for  each  harmonic  which  may  accompany  the  changed  load. 

The  nolae  level  change*  are  baaed  on  the  assumption  that  each  excitation 
component  acts  alone  to  excite  dynamic  forces  and  nolae.  In  the  planetary 
stage* ,  excitation  from  sun  and  ring  gear  meshes  Interact  and  effective 
^^^^nola^chanaesma^^jot^or^s^on^^^tha^^^howr^U^^i^^a^^^^^^^^^^^^^^^ 
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mesh  pulsation  curves.  Tooth  profile  information  could  not  be  obtained 
because  profile  measurements  on  spiral  bevel  teeth  cannot  be  made  with 
commercial  inspection  equipment.  The  true  action  between  bevel  gears  is 
very  much  influenced  by  assembly  dimensions,  and  this  variable  cannot  be 
treated  in  the  present  gear  excitation  analysis.  Furthermore,  the  multi¬ 
pair  load  sharing  and  the  spiral  gear  action  tend  to  eliminate  the  abrupt 
load  transfer  and  associated  abrupt  change  in  tooth  deflections  which  are 
present  in  spur  gears.  The  smoother  action  gives  a  mesh  pulsation  curve 
closer  to  a  sine  wave  than  to  a  square  wave.  Hence,  the  higher  harmonics, 
especially  the  second  harmonic,  will  be  less  prominent.  This  reduced 
significance  of  the  second  harmonic  of  the  bevel  set  was  recognized  in  the 
narrow-band  noise  analysis,  Figure  12. 

DYNAMIC  FORCE  ANALYSIS 


The  typical  study  of  the  helicopter  drive  as  a  torsionally  vibrating  system 
has  as  its  objective  the  determination  of  critical  speeds  and  vibration 
modes,  especially  at  the  low  frequencies  associated  with  rotor  rotation  or 
similar  excitation  sources  (see  Reference  9).  In  such  studies,  practical 
considerations  result  in  the  neglecting  of  inertias  and  compliances  of 
internal  gearbox  components,  a  simplification  which  does  not  introduce  any 
major  error  in  the  results  required.  However,  when  the  drive  system  is  to 
be  studied  for  torsional  vibration  in  the  range  of  frequencies  associated 
with  gear  noise,  the  analysis  must  be  more  sophisticated.  The  inertias 
and  compliances  of  internal  components  must  be  included,  especially  the 
Inertias  of  the  gear  bodies  and  the  compliances  of  the  gear  teeth.  Further¬ 
more,  the  exact  dynamics  of  the  planetary  stages  must  also  be  considered. 

The  new  torsional  vibration  computer  program  contains  these  elements  and, 
when  applied  to  the  helicopter  drive  system,  begins  to  reveal  the  great 
complexity  of  the  system,  especially  in  the  gearbox  portions.  Some  of  this 
complexity  is  observed  in  Figure  35.  This  is  a  frequency  plot  of  the  un¬ 
damped  dynamic  forces  developed  at  the  bevel  gear  mesh  by  a  unit  displace¬ 
ment  excitation  introduced  at  the  same  point.  This  plot  shows  many 
critical  speeds  in  the  frequency  range  of  from  500  to  5000  Hz.  At  fre¬ 
quencies  above  this  range,  the  critical  speeds  are  even  more  closely  spaced, 
and  the  computer  program  as  presently  applied  is  unable  to  give  a  clear 
description  of  response  characteristics.  This  limitation  does  not  parti¬ 
cularly  handicap  the  noise  level  calculation.  The  frequency  range  below 
5000  Hz  contains  all  the  gear  excitation  frequencies  except  the  higher 
harmonics  of  the  bevel  gear  set.  As  explained  earlier,  the  excitation  mag¬ 
nitude  of  these  higher  harmonics  cannot  be  properly  evaluated  by  the  present 
gear  excitation  program  because  of  the  spiral  character  of  the  bevel  gears. 
If  the  gear  excitation  program  is  extended  to  helical  gears,  however,  the 
torsional  vibration  program  will  have  to  be  revised  to  handle  the  higher 
frequencies. 

Figure  35  shows  the  dynamic  force  going  to  infinite  values  at  the  critical 
speeds  and  also  dropping  to  zero  at  those  frequencies  at  which  vibration 
absorption  is  taking  place.  The  bevel  gear  excitation  frequency  in  the 
test  helicopter  gearbox  is  at  about  3000  Hz  and  falls  at  neither  of  these 
two  conditions.  It  is  therefore  possible  to  accept  the  calculated  dynamic 
force  as  a  reasonable  measure  of  the  force  actually  existing  in  the  gearbox 


Figure  35.  Dynamic  Forces  at  Bevel  Gear  Teech  for  Unit  Excitation 
at  the  Same  Point. 


« 
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under  the  specified  conditions.  Dynamic  forces  from  excitations  whose  fre¬ 
quencies  are  closer  to  the  infinite  or  zero  response  points  cannot  be  as 
reliably  evaluated.  Actual  conditions  in  the  drive  system,  specifically 
damping,  prevent  the  infinite  o^  zero  response.  Because  the  computer  pro¬ 
gram  permitted  the  introduction  of  damping  at  the  bearings,  this  kind  of  « 

influence  was  investigated.  It  was  found  that  damping  at  these  locations 
had  an  insignificant  effect,  even  at  the  frequencies  close  to  the  critical 
speeds.  Further  consideration  of  the  dynamics  of  the  gearbox  system  indi¬ 
cated  that  the  response  at  this  gear  excitation  frequency  range  is  domina¬ 
ted  by  the  conditions  in  effect  at  or  near  the  gear  mesh  points.  These  • 

conditions  include  the  gear  teeth  compliance  and  the  gear  body  inertia  and, 
very  likely,  also  the  gear  teeth  damping.  Since  the  computer  program,  as 
explained  earlier,  was  not  written  to  include  this  factor,  it  could  not  be 
investigated.  If  gearboxes  are  operated  with  gear  excitation  frequencies 
near  the  critical  speeds  of  the  system,  proper  evaluation  of  the  dynamic 
forces  will  require  extension  of  the  torsional  vibration  computer  program 
to  handle  gear  mesh  damping. 

The  complexity  of  the  torsional  system  is  even  more  pronounced  when  the 
planetary  stations  are  considered.  While  a  simple  gear  set  has  only  one 
meshing  point  associated  with  a  particular  excitation  frequency,  the 
planetary  gearing  has  many.  This  plurality  of  excitations  is  due  first  to 
the  number  of  planets  and  second  to  the  meshing  of  each  planet  on  both  the 
sun  and  the  ring  gears.  The  multiple  excitations  introduce  special  pro¬ 
blems.  Although  uniform  magnitude  of  excitation  has  been  assumed  for  all 
the  meshing  points  around  the  sun,  the  phase  relationship  among  these  ex¬ 
citations  is  not  necessarily  identical.  The  actual  phase  relationship  is 
determined  by  the  relationship  between  the  number  of  teeth  on  the  sun 
gear,  the  number  of  planets,  and  the  order  of  the  harmonic.  Only  if  the 
product  of  the  number  of  teeth  and  the  order  of  the  harmonic  is  an  exact 
multiple  of  the  number  of  planets  will  the  particular  excitation  be 
synchronized  among  the  planets.  When  this  is  the  case,  the  main  tor¬ 
sional  vibration  computer  program  sums  up  the  individual  excitations  and 
computes  the  combined  dynamic  forces.  Under  these  conditions,  the  dynamic 
response  within  the  planetary  system  can  be  influenced  by  such  variables  as 
the  elastic  compliance  of  the  ring  gear  support  or  the  elastic  compliance 
of  the  planet  carrier  with  respect  to  the  output  shafting  or  to  changes  in 
the  adjacent  portions  of  the  overall  drive  system. 

This  system  of  synchronous  excitation,  however,  is  not  the  typical  situ¬ 
ation  in  planetary  designs.  Most  often  the  number  of  sun  gear  teeth  is 
intentionally  selected  so  as  not  to  have  a  conmon  factor  with  the  number  m 

of  planets.  In  such  a  case,  there  will  be  no  synchronous  excitation  among 
the  planets  until  an  order  of  the  harmonic  equal  to  the  number  of  planets 
is  reached.  For  example,  in  the  lower  planetary  stage  of  the  test  heli¬ 
copter  gearbox,  the  number  of  teeth  on  the  sun  is  57  and  the  number  of 
planets  is  4.  For  the  fundamental  and  second  and  third  harmonics,  the  pro-  * 

duct  of  the  numoer  of  teeth  on  the  sun  and  the  order  of  the  harmonic  is 
not  an  exact  multiple  of  the  number  of  planets.  As  a  result,  the  excita¬ 
tion  among  the  planets  is  not  synchronous.  Instead,  the  phase  relation¬ 
ship  is  such  that  any  impulse  applied  to  the  sun  at  one  planet  will  be 
exactly  countered  by  an  identical  impulse  at  the  diametrically  opposite 
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planet,  at  least  as  long  as  excitations  of  uniform  magnitude  are  assumed. 
These  phased  excitations,  fully  balanced,  cannot  excite  vibration  of  those 
system  elements  which  are  acted  on  by  all  planets  simultaneously,  elements 
such  as  the  ring  gear,  the  sun  gear,  the  planet  carrier,  and  elements  of 
the  drive  system  external  to  the  planetary  stage.  The  vibration  which  is 
excited  under  those  conditions  is  of  the  individual  planets  vibrating 
against  the  compliant  restraints  of  the  meshing  gear  teeth  and  the  planet 
bearing.  At  each  planet,  excitation  will  be  introduced  at  both  the  sun- 
planet  mesh  and  the  planet-ring  mesh.  Excitation  at  either  point  will 
develop  tooth  forces  at  both  points.  The  resultant  dynamic  tooth  forces 
will  be  determined  by  the  combination  of  the  two  excitations. 

This  condition  of  nonsynchronous  excitation  of  the  planets  is  analyzed  by 
the  auxiliary  vibration  computer  program.  Response  curves  calculated  by 
this  program  are  shown  in  Figures  36,  37,  38,  and  39.  For  each  of  these 
curves,  a  unit  excitation  was  applied  at  only  one  of  the  excitation  points 
on  the  planet.  Only  when  a  particular  relationship  between  the  excita¬ 
tions  at  the  sun  and  at  the  ring  is  assumed  can  the  combined  effect  be 
shown. 

All  of  these  figures  show  a  common  patter  iy  constant  response  at 

the  lowest  frequencies  which  falls  off  to  sponse  at  some  inter¬ 
mediate  frequency  and  which  goes  on  at  higu  one  lea  to  give  two 

critical  speed  conditions.  The  response  curves  .or  the  two  mesh  points 
as  caused  by  the  same  excitation  are  similar,  but  not  identical.  The 
first  zero  response  frequencies  for  the  two  curves  differ  somewhat,  but 
the  infinite  response  frequencies  are  the  same.  Within  one  planetary 
stage,  these  infinite  response  frequencies  are  the  same,  regardless  of  the 
point  at  which  the  excitation  is  applied. 

The  vibration  computer  programs  have  been  applied  to  the  test  helicopter 
drive  system  using  dimensional  data  taken  from  design  drawings.  The  pre¬ 
viously  calculated  gear  excitations,  listed  in  Table  VII,  have  been  intro¬ 
duced.  The  calculated  dynamic  tooth  forces  are  tabulated  in  Table  VIII. 
The  static  tooth  forces  for  the  particular  flight  condition  have  been  in¬ 
cluded.  They  show,  in  every  case,  that  the  dynamic  forces  are  well  below 
the  level  to  cause  tooth  separation. 

One  value  in  this  table  stands  out  as  especially  noteworthy.  This  is  the 
high  force  for  the  second  harmonic  of  the  lower  planetary  planet-ring 
mesh.  The  explanation  for  the  high  value  lies  in  the  closeness  of  the 
excitation  frequency  of  3964  Hz  to  the  critical  speed,  or  resonant  fre¬ 
quency,  of  about  4200  Hz,  shown  in  Figures  38  and  39. 

NOISE  LEVEL  ANALYSIS 

This  final  step  in  the  noise,  calculation  procedure  is  least  supported  by 
established  and  well  accepted  analytical  methods.  Justification  for  the 
validity  of  the  calculation  is  more  empirical  in  nature  than  analytical. 
Some  of  this  empirical  basis  has  been  derived  from  the  limited  amount  of 
testing  performed.  The  selection  of  gear  excitation  frequencies  has  been 
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Dynamic  Force  on  Gear  Teeth  -  rms  lbs 
for  Excitation  of  1  Microinch  -  rm 


e  26.  Dynamic  Forces  at  Upper  Planetary  Gear  Teeth 
for  Excitation  at  Sun-Planet  Gear  Mesh. 
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Dynamic  Force  on  Gear  Teeth  -  rms  lbs 
for  Excitation  of  1  Microinch  -  rm 
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Figure  J7 .  Dynamic  Frees  at  Upper  Planetary  Gear 
Teeth  for  Excitation  at  Planet-Ring 
Gear  Mesh . 
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Dynamic  Force  on  Gear  Teeth  -  rms  lbs 
for  Excitation  of  1  Microinch  -  rms 
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Figure  38.  Dynamic  Forces  at  Lower  Planetary  Gear  Teeth 
for  Excitation  at  Sun-Planet  Gear  Mesh. 


Dynamic  Force  on  Gear  Teeth  -  rms  lbs 
for  Excitation  of  Microinch  -  rms 
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Figure  39.  Dynamic  Forces  at  Lower  Planetary  Gear  Teeth 
for  Excitation  at  Planet-Ring  Gear  Mesh. 
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quite  well  substantiated  by  the  noise  measurements.  The  direct  relation¬ 
ship  between  the  vibration  of  the  casing  and  the  noise  levels  adjacent  to 
the  gearbox  has  been  confirmed  by  the  in-flight  vibration  measurements. 

The  almost  uniform  cas Lng  response  characteristics,  except  at  the  lower 
gear  excitation  frequencies,  were  demonstrated  by  the  casing  resonance 
tests.  Other  simplifying  assumptions  in  the  noise  level  analysis  have  not 
been  individually  verified  by  experiment  or  observation.  Hence,  justifi¬ 
cation  for  this  new  analytical  tool  must  rest  largely  on  a  comparison  of 
the  final  predicted  noise  levels  and  those  measured  in  the  aircraft. 

The  excitation  and  dynamic  fsree  values  listed  in  Tables  VII  and  VIII  were 
combined  with  the  relevant  factors  as  explained  and  illustrated  in 
Appendix  VI.  This  gave  predicted  noise  levels  for  each  of  the  gear  exci¬ 
tation  frequencies  studied.  These  frequencies  fell  in  the  range  of  about 
600  to  6000  Hz.  The  higher  harmonics  of  the  bevel  gear  excitation  had  to 
be  omitted  because  of  the  limitations  in  the  analytical  tools  in  their 
present  state  of  deve lopment.  The  resulting  noise  ltvels  have  been 
plotted  in  Figure  40,  which,  like  most  of  the  noise  level  plots  in  this 
report,  is  on  a  third-octave  band  frequency  scale.  Of  the  eleven  bands  in 
the  range  of  frequencies  shown,  the  six  "peak"  bands  contain  at  least  one 
of  the  excitation  frequencies.  These  discrete  frequency  noise  components, 
as  explained  ear lier, would  establish  the  third-octave  band  levels  even  in 
an  actual  system  with  lower  level  random  noise  present.  The  five 
"valleys"  in  the  plot  were  derived  from  the  characteristics  of  a  typical 
third-octave  noise  level  analyzer.  If  it  is  assumed  that  the  only  noise 
present  is  at  the  gear  excitation  frequencies,  and  if  such  an  analyzer  were 
set  at  a  band  which  did  not  contain  any  of  these  excitation  frequencies,  it 
would  nevertheless  record  some  low  noise  level.  As  explained  in  an 
earlier  description  of  noise  level  plots,  the  imperfect  signal  filters  in 
the  analyzer  would  simply  pass  some  of  the  signal  from  the  noise  frequencies 
in  the  adjoining  bands.  Under  the  actual  conditions  of  random  noise,  these 
"valleys"  would  be  raised,  but  would  tend  to  stay  below  the  adjacent  peaks. 
Therefore,  in  interpreting  the  noise  level  plot  in  Figure  40,  the 
"valleys"  should  be  recognized  as  an  artificial  means  of  helping  to  show 
the  "peaks",  and  attention  should  be  directed  only  at  these  "peaks", 

The  measured  noise  levels  shown  in  Figure  40  are  in  the  form  of  two  curves 
giving  the  maximum  and  minimum  levels  measured  at  each  frequency  for  the 
three  aircraft  studied.  The  double  curve  is  really  an  envelope  of  the 
three  individual  noise  level  curves  of  Figures  5,  6,  and  7.  This  envelope 
conveys  a  measure  of  the  variability  of  noise  levels  among  aircraft  and 
permits  consideration  of  this  variability  in  evaluating  the  comparison  with 
the  calculated  results. 

The  two  sets  of  results,  measured  and  calculated,  show  rather  good  corre¬ 
lation.  The  three  items  of  difference  which  do  appear  readily  suggest  ex¬ 
planations.  The  most  apparent  difference  is  the  high  calculated  noise 
level  in  the  640  Hz  band.  The  analytical  procedure  assumed  uniform  gear¬ 
box  casing  response  for  all  gear  excitation  frequencies,  but  the  measured 
response  was  actually  uniform  only  at  frequencies  above  about  2000  Hz  and 
was  decidedly  lower  at  640  Hz.  This  discrepancy  at  the  lowest  frequency 
therefore  indicates  that  a  more  ^vanced  analysis  should  give  some 
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Figure  40.  Comparison  of  Calculated  and  Measured  Noise  Levels  Adjacent  to  the  Gearbox, 
Cruise  Condition. 
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consideration  to  this  varying  casing  response.  The  second  discrepancy 
worth  noting  is  the  somewhat  lower  overall  level  of  the  calculated  values 
as  compared  to  the  measured  values.  This  may  be  attributed  to  the  sound 
reinforcement  or  reverberations  in  the  enclosure  surrounding  the  gearbox. 
The  noise  analysis  assumes  a  "free  field"  noise  radiation.  This  overall 
difference  between  the  two  curves  is  almost  independent  of  frequency; 
therefore,  *.t  appears  possible  that  this  environmental  factor  can  be 
accommodated  in  the  analysis  by  an  additional  constant  factor.  The  third 
item  which  attracts  attention  is  more  the  difference  between  the  two 
measured  noise  curves  than  it  is  the  difference  between  measured  and  cal¬ 
culated  curves.  The  noise  levels  in  the  3200  Hz  band  resulted  from  the 
fundamental  component  of  the  bevel  gear  excitation.  ihe  unusually  wide 
range  between  the  maximum  and  minimum  measured  noise  levels  indicates  that 
this  excitation  component  is  particularly  variable,  which  is  not  too 
surprising  for  spiral  bevel  gears  with  all  their  additional  elements  of 
variability.  The  calculated  level  for  this  excitation,  it  should  also  be 
recalled,  is  based  on  an  approximation  necessitated  by  the  limitations  of 
the  present  gear  excitation  analysis.  Since  this  bevel  gear  excitation 
may  in  some  cases  be  an  overriding  factor  in  gear  noise,  an  extended 
analysis  which  would  better  treat  this  source  would  be  expecially 
valuable . 

These  differences  between  measured  and  calculated  noise  levels  do  not 
weaken  the  validity  of  the  new  analytical  tools.  Instead,  they  demon¬ 
strate  how  the  analysis  developed  in  this  study  can  serve  as  a  foundation 
on  which  to  build  more  comprehensive  and  more  detailed  analytical  methods 
for  noise  study. 
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MODIFICATIONS  FOR  NOISE  REDUCTION 


INTRODUCTION  * 

The  primary  effort  in  this  study  has  been  directed  toward  developing  and 
testing  analytical  tools  for  investigating  the  elements  which  contribute  to 
helicopter  gearbox  noise.  These  tools  have  been  made  sufficiently  general 
that  they  can  be  used  for  analytically  evaluating  a  wide  range  of  noise  re-  • 
duction  measures.  This  includes  most  of  the  proposed  design  changes  de¬ 
scribed  in  the  noise  control  literature  (References  6,  7  and  10),  which  up 
to  now  could  be  evaluated  only  experimentally.  These  changes  which  may  be 
evaluated  by  the  new  analytical  methods  induce: 

Increase  of  contact  ratio 
Reduction  of  pitch 
Reduction  of  pressure  angle 
Modification  of  tooth  profile 
Improvement  of  tooth  profile  accuracy 
Increase  of  recess  action 
Tooth  impulse  phasing 
Introduction  of  torsional  discs 
Torsional  isolation  of  ring  gear 

A  comprehensive  evaluation  of  all  these  ncise  reduction  concepts,  even  if 
limited  to  a  single  set  of  operating  conditions,  would  require  an  effort 
beyond  the  limits  of  this  program.  In  place  of  a  complete  study,  a  few  of 
these  have  been  subjected  to  some  investigation,  as  much  for  the  purpose 
of  illustrating  tne  special  capabilities  of  the  new  analytical  tools  as  for 
the  purpose  of  demonstrating  the  promise  these  items  hold  as  noise  reduc¬ 
tion  measures.  It  must  be  emphasized,  however,  that  none  of  the  modifi¬ 
cations  studied,  even  those  that  showed  the  greatest  promise,  were 
thoroughly  pursued  to  bring  out  the  full  potential  in  them.  (This  will 
hav»  to  be  part  of  a  separate,  and  more  systematic,  investigation.) 

The  modifications  considered  fell  within  both  the  gear  excitation  and  the 
dynamic  force  areas  of  noise  production.  These  are  described  along  with 
sufficient  calculated  results  to  give  a  quantitative  character  to  the  pre¬ 
dicted  benefits.  Because  the  program,  both  experimentally  and  analytical¬ 
ly,  took  into  account  the  role  of  the  gearbox  casing,  some  consideration 
was  also  given  co  possible  modifications  in  this  area.  The  empirical  • 

nature  of  that  portion  of  the  analysis  dealing  with  these  factors  prevented 
any  kind  of  quantitative  evaluation  of  possible  noise  reduction.  Therefore, 
when  this  area  is  discussed,  the  suggestions  will  be  presented  without 
data,  which  will  have  to  come  from  experimental  work  or,  perhaps  even 
better,  from  more  extensive  analytical  studies.  * 

GEAR  TOOTH  MODIFICATIONS 


Examination  of  gear  mesh  pulsation  curves,  such  as  in  Figure  27,  reveals 
that  the  steps  in  the  curves  are  the  major  culprits  in  producing  all  the 
gear  excitation  components  from  any  pair  of  gears.  The  ideal  curve  would 
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be  a  horizontal  straight  line  signifying  no  pulsations  and,  hence,  no  exci¬ 
tation.  There  appears  to  be  no  practical  way  to  achieve  this  ultimate,  but 
there  are  ways  to  make  substantial  improvement.  The  two  to  be  described 
involve  means  of  "smoothing  out"  the  abrupt  steps  in  the  curves  and  means 
of  bringing  the  high  and  low  points  in  the  curves  closer  together. 

An  often-suggested  method  is  the  use  of  modified  profiles.  Theoretically, 
it  should  be  possible  to  add  material  to  the  tooth  profile  to  compensate 
exactly  for  the  displacement  of  the  profile  that  takes  place  because  of  the 
deflection  of  the  tooth  under  a  specific  load.  But  since  the  displacement 
characteristic  has  the  rather  abrupt  step  at  two  points,  it  would  take  a 
profile  with  a  corresponding  pair  of  steps  to  provide  exact  compensation. 
Unless  these  profile  steps  were  perfectly  positioned  to  synchronize  with 
the  load  transfer  positions,  they  could  introduce  a  worse  excitation  char¬ 
acteristic.  Other  practical  problems  associated  with  such  profile  steps 
could  come  up  in  their  manufacture  and  in  their  effect  on  the  lubrication 
process  between  the  teeth.  For  these  reasons,  another  type  of  profile 
modification  is  proposed,  one  which  will  smooth  out  the  step  rather  than 
eliminate  it. 

The  dotted  lines  on  the  lower  scales  of  Figures  28  and  29  show  a  first  at¬ 
tempt  at  designing  such  a  new  profile  modification  for  upper  sun-planet 
mesh  and  upper  planet-ring  mesh  respectively.  These  curves,  in  greatly 
exaggerated  scale,  show  a  ramp  effect  which  acts  to  smoothen  out  the  load 
transfer  and  thereby  reduce  the  abruptness  of  the  pulsation  curve.  The 
figures  imply  a  double  "hump"  on  each  tooth  flank,  one  inside  and  one  out¬ 
side  the  pitch  circle.  However,  it  may  also  be  possible  to  divide  this 
modification  between  the  planet  and  its  mating  gear  so  that  each  has  only 
one  of  the  humps. 

Before  the  potential  benefit  to  be  gained  by  such  profile  modifications  is 
examined,  it  is  necessary  to  consider  also  the  rc le  of  profile  manufactur¬ 
ing  error.  Any  modification  which  gave  improvement  only  when  made  without 
error  would  be  of  no  value.  To  simulate  the  error  which  might  be  associ¬ 
ated  with  such  a  profile,  the  measured  point-by-point  deviations  from  the 
design  profile  of  each  of  the  two  gears,  sun  and  ring,  were  simply  added  to 
the  proposed  modified  profiles.  The  resulting  "as-manufactured"  modified 
profiles  are  also  shown  in  Figures  28  and  29.  In  Figjre  30,  the  effect  of 
these  profiles  in  the  upper  sun-planet  mesh  is  shown.  The  pulsation  curve 
is  considerably  smoother  than  the  other  profiles  shown.  The  benefit  of  the 
modification  is  more  effectively  shown  in  the  load  transfer  curve  in 
Figure  30.  An  almost  smooth  transition  of  load  is  demonstrated.  Because 
the  degree  of  modification  was  not  exactly  matched  to  the  load  condition 
used,  some  abruptness  still  remains  in  both  curves.  The  quantitative  dif¬ 
ferences  in  excitation  values  and  resulting  noise  levels  between  the  pre¬ 
sent  measured  profiles  and  the  proposed  modified  profiles  are  given  in 
Table  IX.  The  specific  modifications  under  the  particular  load  conditions 
do  not  benefit  the  fundamental  noise  components;  in  fact,  in  one  case,  the 
level  is  increased.  The  real  benefits  show  up  in  the  second  and  even  in 
the  third  harmonics.  More  careful  design  of  the  modifications  would  likely 
give  even  greater  benefits. 
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TABLE  IX.  COMPARISON  OF  GEAR  EXCITATION  - 
EFFECT  OF  NEW  MODIFIED  PROFILE 


Fundaments  1 

Second 

Harmonic 

Third 
Harmon  i  c 

Excitation  with  Measured  Profile  -  mil 

(Cate  103)  -  with  manufacturing  error 

.  174 

.088 

.057 

Excitation  with  New  Modified  Profile 
-  mi  1 

(Case  110)  -  with  Manufacturing  error 
superimposed 

.  189 

.013 

.043 

Effect  of  New  Profile  Modification  on 
Noise 

Upper  Planet  Driving  Ring  at  857.  Raced  Load 

+  7  db 

-16.6  db 

-2.4  db 

Excitation  with  Measured  Profile  -  mil 

(Case  303)  -  with  manufacturing  error 

.156 

.0  54 

.048 

Excitation  with  New  Modified  Profile 
-  mi  1 

(Case  310)  -  with  manufacturing  error 
superimposed 

.218 

.015 

.016 

Effect  of  New  Profile  Modification  on 
Noise 

+2.9  db 

-11.1  db 

-9.6  db 

Mote:  The  excitation  amplitudes  given  in  this  table  are  the  resultants  of  the  sine 
and  cosine  components  for  each  harmonic.  These  resultants  do  not  reflect 
the  phase  shift  for  each  harmonic  which  may  accotnpan  the  changed  profile. 


The  noise  level  changes  are  based  on  the  (  sumption  that  each  excitation 
component  acts  alone  to  excite  dynamic  forces  and  noise.  In  the  planetary 
stages,  excitation  from  sun  and  ring  gear  meshes  Interact  and  effective 
noise  changes  may  not  correspond  to  those  shown  in  the  table. 
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Since  the  degree  of  profile  modification  is  b&sed  on  the  gear  tooth  deflec¬ 
tion,  which  is  in  turn  based  on  the  load  transmitted,  the  effect  of  load  on 
the  modification  benefits  must  be  examined.  Results  of  such  load  varia¬ 
tions  are  shown  in  Table  X.  This  may  be  compared  with  Table  VI,  where  sim¬ 
ilar  load  variations  and  their  effect  on  excitation  levels  in  the  case  of 
the  design  profiles  are  given.  The  modified  profile,  very  much  like  the 
standard  profile,  has  a  reduction  in  fundamental  and  third  harmonic  exci¬ 
tation  as  load  is  reduced.  However,  in  the  case  of  the  second  harmonic, 
the  new  modified  profiles  give  excitation  level  reductions,  and  major  re¬ 
ductions  at  that,  when  the  load  is  increased,  in  contract  to  the  opposite 
for  the  standard  profile.  This  comparison  demonstrates  some  of  the  promise 
to  be  found  in  this  profile  modification  approach.  Furthermore,  this  in¬ 
vestigation  of  changing  profiles  shows  the  usefulness  of  the  gear  excita¬ 
tion  program. 

The  second  approach  to  gear  excitation  reduction  to  be  mentioned  is  one 
which  brings  together  the  high  and  low  points  in  the  pulsation  curve  and 
at  the  same  time  provides  some  r  r.oothing  of  abrupt  steps  in  the  curve. 

These  benefits  will  be  realized  as  the  number  of  pairs  of  teeth  in  contact 
is  increased  from  the  present  one  and  two  to  a  preferable  two  and  three. 
This  can  only  be  accomplished  if  helical  gears  are  used  in  place  of  spur 
gears.  Although  the  existing  gear  excitation  program  does  not  treat 
helical  gears,  some  estimate  of  improvement  can  be  made,  particularly  for 
the  case  of  the  fundamental  noise  component.  In  the  case  of  spur  gears, 
the  pulsation  curve  has  steps  which  correspond  to  the  difference  between 
the  tooth  deflection  under  full  load  and  tooth  deflection  under  half  load, 
or  what  night  be  called  one-half  load  tooth  deflection.  In  the  case  of 
helical  gears  with  two  and  three  pairs  stressing  load,  the  pulsation  curve 
would  have  steps  corresponding  to  the  difference  between  a  one-half  load 
tooth  deflection  and  a  one-third  load  tooth  deflection,  or  a  cne-sixth  load 
tooth  deflection.  This  improvement  from  one-half  for  the  sour  to  one-sixth 
for  the  helical  gives  a  ratio  of  one  to  three,  or  a  change  of  9.5  db.  A 
suitable  design  of  the  helical  gear  would  go  far  in  making  the  gear  mesh 
pulsation  curve  resemble  a  sine  wave  more  than  the  square-wave  of  the  spur 
gear.  Such  a  change  in  wave  shape  would  materially  reduce  the  second  har¬ 
monic  over  and  above  the  9.5  db  associated  with  the  compressed  pulsation 
amplitude . 

The  benefits  inherent  in  the  helical  gear  approach  emphasize  the  need  for, 
and  value  of,  extending  the  gear  excitation  analysis  to  helical  gears.  Not 
only  could  the  exact  improvement  be  evaluated,  but  the  optimum  design  would 
be  more  easily  arrived  at. 

DRIVE  SYSTEM  MODIFICATION 

There  are  two  ways  in  which  the  drive  system  can  influence  the  level  of 
dynamic  forces  resulting  from  a  particular  set  of  gear  excitations.  When 
there  is  more  than  one  point  at  which  excitation  of  a  certain  frequency  is 
introduced,  the  system  design  can  determine  the  extent  to  which  the  several 
excitations  combine  or  cancel  each  other.  This  is  commonly  referred  to  as 
tooth  impulse  phasing.  The  other  system  influence  is  through  the  vibration 
response  or  degree  of  vibration  amplification  which  results  from  the 


TABLE  X.  COMPARISON  OF  GEAR  EXCITATION  - 

EFFECT  OF  OPERATING  LOAD  WITH  NEW  MODIFIED  PROFILE 


Funda mental 

Sec  on d 

darmonic 

Third  Harmonic 

1 

Amp  1 i - 
t  ude 

le  la  t  ive 
Noise 
Level 

Amp  1 i - 
t  ude 

de 1  at i ve 

No  i  se 

I  .eve  1 

Upper  Sun  Driving  Planet 

-  new  mod.  prof,  with  mfg. 

error 

457.  rated  load  (Case  111) 

.127  mil 

-3.3  db 

.043  mil 

+  10 ,4db 

.03  5mi  1 

-  1 . 8db 

657.  rated  load  (Case  112) 

.155 

-1.7 

.026 

+  6.0 

.037 

-1.3 

857.  rated  load  (Case  110) 

.189 

0 

.013 

0 

.043 

0 

1057.  rated  load  (Case  113) 

.222 

+  1.4 

.005 

-  8.3 

.049 

+  1  .2 

Upper  Planet  Driving  Ring 

-  new  mod.  prof,  with  mfg. 

error 

457.  rated  load  (Case  311) 

.147  mil 

-3.4  db 

.033  mil 

+  6 . 4db 

.Olimi  1 

+  1  .  2db 

657.  rated  load  (Case  312) 

.182 

-1.6 

.023 

+  3.7 

009 

-5.0 

857.  rated  load  (Case  310) 

.218 

0 

.015 

0 

.016 

0 

1057.  rated  load  (Case  313) 

.2  54 

+  1.3 

.009 

-  4.2 

.026 

+2  . 1 

Note:  The  excitation  amplitudes  given  in  this  table  are  the  resultants  of  the  sine 

and  cosine  components  for  each  harmonic.  These  resultants  do  not  reflect  the 
phase  shift  for  each  harmonic  which  may  accompany  the  changed  load. 


The  noise  level  changes  are  based  on  the  assumption  that  each  excitation 
component  acts  alone  to  excite  dynamic  forces  and  noise.  In  the  planetary 
stages,  excitation  from  sun  and  ring  gear  meshes  interact  and  effective 
noise  changes  may  not  correspond  to  those  shown  in  tne  table. 
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resonance  conditions  in  the  system.  Vibration  and  noise  reduction  then  be¬ 
comes  possible  by  control  of  these  two  influences.  An  illustration  of  re¬ 
duction  in  each  of  these  respects  is  given  below. 

Each  planetary  stage  consists  of  several  vibrational  cub  systems,  each  made 
up  of  the  sun  gear,  a  single  planet  gear,  the  ring  gear,  and  the  planet 
support  in  the  carrier.  The  flexible  connections  between  the  inertias  are 
fairly  well  concentrated  in  die  two  gear  meshes  and  in  the  bearing  support¬ 
ing  the  planet.  Each  of  these  subsystems  has  two  points  of  gear  excita¬ 
tion:  at  the  sun-planet  mesh  and  at  the  planet-ring  mesh.  It  is  the  sum 

of  these  excitations  which  tends  to  vibrate  the  planet  in  its  support,  and 
it  is  the  reaction  to  this  vibration  which  sets  up  the  dynamic  forces  in 
the  meshing  gear  teetn.  It  is  the  phasing  of  these  two  excitations  which 
is  to  be  considered. 

In  the  gearbox  under  study,  the  planet  gears  have  been  designed  with  an 
odd  number  of  teeth.  The  effect  of  this  on  the  excitation  phasing  is 
shown  with  the  aid  of  Figure  41.  The  planet  with  odd-numbered  teeth,  on 
the  left,  has  been  drawn  with  the  sun-planet  mesh  at  the  pitch  points  of 
tne  two  gear  tooth  surfaces.  The  pulsation  curve  of  this  mesh,  referenced 
to  the  pitch  point,  in  the  same  manner  as  in  Figure  27,  is  given  below  the 
gear  sketch.  Because  the  mesh  at  the  ring  gear  uses  the  reverse  side  of 
the  tooth,  as  shown,  this  mesh  will  also  be  at  a  Ditch  point,  neglecting 
the  effect  of  backlash.  The  planet-ring  mesh  pulsation  curve  is  also 
referenced  from  the  p<  ten  point  and  is  very  similar  in  timing  to  that  of 
the  sun-planet.  The  stepped  portions  of  both  curves  come  fairly  close  to 
each  other,  making  the  combined  excitation  very  close  to  the  sum  of  the  two 
individual  excitations.  If  each  of  the  pulsation  curves  is  resolved  into 
it3  separate  former  components,  the  corresponding  components  for  both 
curves  are  nearly  in  phase  and  ire  additive. 

If  the  planet  gears  were  changed  to  have  an  even  number  of  teeth,  the  mesh 
conditions  would  be  as  shown  on  the  right  side  of  Figure  41.  The  sun- 
planet  mesh  is  again  shown  at  the  pitch  point,  but  the  planet-ring  mesh  is 
now  displaced  to  a  position  corresponding  to  the  midpoint  between  suc¬ 
cessive  pitch  points.  The  pulsation  curves  now  are  related  in  a  new  man¬ 
ner.  The  steps  in  the  two  c  irves  are  approximately  opposite  each  other, 
and  the  effect  tends  to  be  one  of  cancellation  between  the  two  excitations. 
When  the  two  curves  are  now  resolved  into  their  separate  former  components, 
the  odd  harmonics  only  see  the  180-degree  phase  shift  and  experience  can¬ 
cellation,  while  the  even  harmonics  still  have  the  original  phase  relation¬ 
ship  and  remain  cumulative. 

The  effectiveness  of  the  cancellation  is  therefore  seen  to  be  determined  by 
both  the  shapes  and  the  amplitudes  at  the  two  pulsation  curves.  A  further 
factor  in  the  cancellation  effect  comes  from  the  dynamics  of  the  system. 

As  seen  in  a  comparison  of  Figures  36  and  37,  for  example,  the  response  of 
the  planetary  subsystem  is  not  identical  for  the  excitations  c.  the  two 
different  meshes.  The  cancellation  effect  at  the  two  odd  harmonics,  the 
fundamental  and  third  harmonic,  is  therefore  influenced  by  their  particu¬ 
lar  frequencies  in  relation  to  the  subsystem  resonances. 
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Figure  41.  Planet  Gear  Design  and  Sun-Ring  Excitation  Phasing. 


The  combined  effect  of  all  of  these  influences  for  the  gearbox  study  is 
given  in  Table  XI.  The  data  presented  have  resulted  from  first  introducing 

«  the  standard  excitations  into  their  respective  planetary  systems  and  com¬ 

puting  the  resulting  dynamic  forces  at  each  meshing  point,  and  then  re¬ 
peating  this  with  the  planet-ring  excitations  reversed  in  the  fundamental 
and  third  harmonics  The  total  of  the  forces  at  both  meshes  are  compared 
on  a  db  scale  to  give  an  indication  of  the  effect  on  predicted  noise  level. 

r  Improvement  by  phasing  shows  up  only  in  the  fundamental  components  and  is 

fairly  modest.  The  third  harmonic  shows  an  even  greater  increase  in  noise 
level.  These  first-try  indications,  however,  should  not  be  interpreted  as 
showing  the  limited  benefits  to  be  expected  from  this  sun-ring  excitation 
phasing.  The  significant  point,  rather,  is  that  careful  design  of  the 
gears  is  first  required  tc>  give  pulsation  curves  which  will  best  lend  them¬ 
selves  to  cancellation  by  reversed  phasing.  The  parameters  which  will  have 
to  be  varied  in  such  design  are  the  relative  addenda  and  face  widths. 

The  second  illustration  of  noise  reduction  by  drive  system  modification 
concerns  a  reduction  in  vibration  response  or  free  amplication.  Figure  35 
shows  response  characteristics  for  the  bevel  set;  Figures  36  through  39, 
for  the  planetary  stages.  Any  shift  in  resonance  locations  relative  to 
the  exciting  frequencies  which  will  bring  the  excitation  frequencies  furtter 
from  resonant  frequencies  will  have  the  effect  of  reducing  dynamic  forces 
and  hence  the  noise  levels.  'tie  difficulty  which  becomes  apparent  is  that 
a  change  which  helps  at  one  ol  she  noise  components  will  not  necessarily 
help  as  much,  or  at  all,  at  the  other  noise  components.  This  can  be  true 
if  the  change  is  made  by  changing  the  excitation  frequencies,  as  by  going 
to  a  different  pitch  with  a  proportionate  change  in  the  number  of  teeth  and 
hence  the  gear  meshing  frequency.  It  can  also  be  true  if  the  change  is 
made  by  changing  an  individual  system  inertia  or  stiffness  to  reposition 
the  resonance  locations  or  the  frequency  scale  of  the  response  curves. 

An  example  of  the  la’  has  been  calculated,  with  results  shown  in  Table 
XII.  For  each  of  the  planetary  systems,  the  planet  support  compliance  has 
been  varied  over  a  cange  from  approximately  one-third  to  ten  times  the  pre¬ 
sent  design  value.  The  figures  in  the  table  show  that  the  effect  of  the 
compliance  change  is  uneven  among  the  various  harmonics.  In  the  upper 
planetary  system,  a  three-times  increase  in  compliance  reduces  the  predicted 
noise  level  of  all  three  harmonics,  but  in  amounts  varying  from  1.6  to 
7.0  db.  In  the  lower  planetary  stage,  a  corresponding  change  in  compliance 

•  has  a  very  different  result.  There  is  practically  no  change  at  the  funda¬ 
mental  and  third  harmonics,  and  a  moderate  increase  at  the  second  harmonic. 

This  attempt  by  no  means  exhausts  the  possibilities  of  noise  reduction  bv 
drive  system  modifications.  There  are  many  other  points  of  system  response 

*  modification  which  must  be  tried,  individually  and  in  combination. 

GEARBOX  CASING  MODIFICATIONS 

The  experimental  work  performed  on  measuring  gearbox  casing  vibration  *"e- 
sponse  showed  appreciable  amplification  over  most  of  the  range  of  fre¬ 
quencies  associated  above  2000  Hz  in  contrast  with  the  response  at  the 
lower  frequency  of  640  Hz.  This  suggests  that  there  are  elements 
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TABLE  XI.  COMPARISON  OF  PLANETARY  DYNAMIC  FORCES  -  EFFECT  OF  SUN-RING  EXCITATION  PHASING 
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TABLE  XII.  COMPARISON  OF  PL  .'  !.  RY  DYNAMIC  FORCES  -  EFFECT 
OF  PLANET  SUPPOF  .  wriPLIANCE 


Engine  Speed  66U0  rpm  -  85 7.  Rated  Power  -  All 
Forces  Tangential  to  Pitch  Circles 


Gear  Stage 

Order  of 
HertfKinlc 

Frequency  • 

He 

Planet  Support 
Coapllance 
10'6  rad/ln-lb 

Force  at 
Sun-Flanat 

Me  ah 

Force  at 
Planet-Ring 
Me  ah 

Mean  Change 

In  Nolae  Laval 
db 

Upper  Planetary 

Fund 

!  644 

.06 

46  7 
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+3.0 

.20  oraaant 

234 

234 

0 

.60  d,,1*n 
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88 

-4.2 

2  .00 
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16 

-11.6 
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contributing  to  this  differential  level  of  response  which  might  be  ex¬ 
ploited  as  a  means  of  noise  control.  No  attempt  was  made  to  investigate 
this  because  it  lay  outside  the  scope  of  the  program.  However,  one  pos¬ 
sible  approach  is  suggested  by  the  test  results.  In  Figures  22,  23,  and 
24,  it  may  be  noted  that  the  vibration  at  each  of  the  non-drive  portions 
of  the  casing  has  a  frequency  charac "eristic  that  is  generally  similar  to 
the  vibration  at  the  drive  point.  This  confirms  that  excitation  of  vi¬ 
bration  at  one  point  on  the  casing  travels,  as  it  were,  to  the  large  areas 

of  the  casing,  exciting  them  to  similar  vibration.  Any  barrier  to  such  a 

transmitted  effect  would  materially  reduce  the  vibration  of  the  casing  and 
the  noise  it  generates  The  reported  benefits  or  ring  gear  isolation 
(References  7  and  10)  might  well  be  more  a  result  of  reducing  the  trans¬ 
mission  of  vibration  energy  generated  at  the  ring  gear  to  other  parts  of 
the  casing  than  a  result  of  any  reduction  in  dynamic  forces  developed  in 
the  drive  system  itself. 

Another  aspect  of  gearbox  casing  design  which  should  be  considered  is  the 

mechanism  whereby  the  mechanical  energy  of  vibration  of  the  casing  is  con¬ 

verted  into  acoustic  energy.  The  factor  representing  this  conversion  in 
the  analysis  considers  only  the  energy  transfer  to  air  from  an  uncoated 
metal  body.  This  leaves  open  consideration  of  surface  coatings  or  other 
surface  treatments  as  possible  means  of  reducing  the  sound  generated  by  the 
casing  vibration.  A  more  thorough  and  quantitive  understanding  of  this 
mechanism  could  well  lead  to  effective  means  of  gearbox  noise  reduction. 
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CONCLUS IONS 

HELICOPTER  GEARBOX  NOISE 

1.  High  noise  levels  result  predominantly  from  the  meshing  action  of  the 
gear  teeth  Most  of  the  excitation  is  due  to  the  periodic  variation 
in  deflection  of  the  gear  teeth  as  load  transfers  from  tooth  to  tooth. 
Noise  component  frequencies  correspond  to  the  first  three  harmonics  of 
the  teeth  meshing  rates.  Manufacturing  imperfections  in  tooth  profiles 
add  to  the  excitation,  but  only  to  a  small  degree  when  the  gears  are 
highly  loaded.  Other  gear  manufacturing  imperfections  such  as  tooth 
spacing  errors  and  runout  are  not  significant  contributors.  Similarly, 
the  bearings  do  not  make  a  direct  recognizable  contribution  to  the  high 
noise  levels. 

The  overall  power  transmission  system  contains  resonances  in  the  gener¬ 
al  range  of  gear  excitation  frequencies.  One  excitation  frequency  in 
“.he  gearbox  falls  close  to  such  a  resonance,  leading  to  a  higher  noise 
-evel  at  that  frequency.  The  gearbox  casing  has  many  structural  reso¬ 
nances.  but  these  tend  to  combine  to  give  a  fairly  uniform  response 
over  most  of  the  gear  excitation  frequency  range. 

J  The  gearbox  housing  mounts  are  effective  in  attenuating  vibration  from 
the  gearbox.  The  lift  link  is  a  relatively  effective  transmitter  of 
vibration  to  the  aircraft  structure.  There  is  a  direct  relation  be¬ 
tween  housing  vibration,  and  indirect  indications  point  to  a  signifi¬ 
cant  airborne  mode  of  noise  transmittal  from  gearbox  to  cabin. 

4.  A  calculation  procedure  has  been  developed  for  predicting  noise  levels 
from  design  and  operating  data.  The  procedure  includes  calculation  of 
gear  excitation,  dynamic  gear  forces,  and  acoustic  power. 

5.  Noise  measurements  on  three  UH-1D  helicopters  shov  a  high  degree  of 
uniformity.  The  calculated  noise  levels  for  the  cruise  condition 
shows  good  agreement  with  the  measured  levels. 

MODIFICATIONS  FOR  NOISE  REDUCTION 

I.  The  new  noise  calculation  procedure  may  be  used  to  evaluate  many  of 
the  widely  proposed  methods  of  noise  reduction. 

X  Individual  design  modifications  generally  affect  each  of  the  gear 
noise  components  to  varying  degrees  and  sometimes  increase  one  while 
reducing  another.  The  selection  of  optimum  modifications  therefore 
requires  careful  balancing  of  these  effects. 

.■> .  Some  of  the  more  promising  modifications  and  some  measure  of  their 
expected  improvements  in  noise  level  for  the  test  gearbox  are: 

Iooth  profile  modifications  will  be  effective  in  reducing  the 
second  harmonic  noise  components  by  more  than  10  db.  With  some¬ 
what  closer  manufacturing  tolerances,  the  third  harmonic  can  be 
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reduced  almost  as  much. 

Reversing  the  sun-ring  excitation  phasing  by  going  from  odd-  to 
even-numbered  teeth  on  the  planets  will  reduce  the  fundamental 
noise  components  by  2  db  on  the  gears  as  presently  designed. 
Greater  improvement  is  possible  if  the  gear  tooth  addenda  are  re¬ 
vised  concurrently. 

Shifting  the  relationship  between  the  excitation  and  the  resonant 
frequencies  can  reduce  many  of  the  noise  components.  For  example, 
tripling  the  upper  planet  support  compliance  will  reduce  the 
upper  planetary  noise  components  by  up  to  7  db. 
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APPENDIX  I 


NOISE  AND  VIBRATION  MEASUREMENTS 


Two  series  of  noise  and  vibration  measurements  were  made  on  helicopters  in 
operation.  The  first  series  was  performed  to  obtain  some  data  early  in  the 
program  for  preliminary  analysis  and  to  check  out  the  installation  ind  per¬ 
formance  of  the  transducers  and  recording  equipment  in  the  helicopter. 

These  measurements  were  performed  on  one  UH-1D  helicopter  (Aircraft  No. 

65- 9960)  operating  in  level  flight  (6600  rpm  engine  speed,  75-80  knots 
airspeed,  about  85  percent  power).  The  second  series  of  measurements  was 
obtained  on  three  UH-1D  helicopters  (Aircraft  Nos.  66-1038,  66-1039  and 

66- 1043)*  operating  both  in  level  flight  (same  conditions  as  above)  and  in 
the  "flight-idle"  condition  on  the  ground  (4,000-4,400  rpm,  power  estimated 
at  20-25  percent  of  full  power). 

In  addition,  limited  data  were  obtained  during  takeoff  and  landing  for  the 
same  engine  speed  and  p'>wer  settings  as  were  used  foi  level  flight. 

In  this  appendix,  the  instrumentation  used  in  making  the  sound  and  vibra¬ 
tion  measurements  and  procedures  for  its  calibration  are  described.  Then, 
the  results  of  the  measurements  are  presented  in  graphical  tnd  tabular  form 
In  general,  there  is  no  discussion  of  the  result*-  since  the  discussion 
using  selected  parts  of  the  data  is  included  in  the  main  body  of  the  report 

DESCRIPTION  OF  INSTRUMENTATION  AND  CALIBRATION  PROCEDURES 

The  arrangements  of  instrumentati jn  used  to  obtain,  analyze,  and  record 
sound  and  vibration  data  are  shown  schematically  in  Figure  42.  Specifics 
on  the  types  and  model  numbers  of  the  various  components  are  given  below: 

Accelerometers  (5)  -  Pruel  &  Kjaer  (B  &  K)  4313 

Microphones  (3)  -  B  &  K  4133  -  1/2— inch  condenser  microphone ,  with 
B  &  K  type  2630  batter-powered  cathode  followers. 

Switch  -  Kistler  562  -  8-position 
Sound  Level  Meter  (SLM)  -  B  &  K  2203 

Frequency  Analyzers  -  B  &  K  2107  narrow  band.  B  tx  K  1612-1/3  octave 
and  octave  band  pass. 

Microphone  Amplifier  -  E  &  K  2603 
Level  Recorder  -  B  &  K  2305 
Tape  Recorder  -  Nagra  III 

The  accelerometers  have  a  mounted  resonant  frequency  of  45  kHz,  indicating 
an  error  of  less  than  1  db  for  an  operating  frequency  range  to  15  kHz.  The 
condenser  microphones  have  a  flat  frequency  response  over  the  range  from  20 
to  20,000  Hz.  The  sound  level  meter,  which  was  used  as  the  indicating  am¬ 
plifier,  has  an  operating  frequency  range  of  from  10  to  20,000  Hz.  The 
Nagra  III  recorders  have  a  frequency  range  of  from  30  to  15,000  Hz,  flat 
within  1.5  db. 


*  The  gearbox  serial  numbers  on  the  three  machines  were  A12-1386,  A12-1388 
and  A12-1390  respectively. 
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(a)  Recording 


« 
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(b)  Frequency  Spectrum  Analysis 

Figure  42.  Instrumentation  Arrangements  foi  Recording  and 
Analyzing  Sojnd  and  Vibration  Data. 
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The  equipment  for  readout  and  recording  the  accelerometer  and  microphone 
outputs  was  installed  in  the  rear  of  the  helicopter  cabin.  The  leads  to  the 
accelerometers  mounted  on  and  around  the  gearbox  were  passed  through  a 
small  hatch  in  the  bulkhead  which  encloses  the  gearbox  and  separates  it 
from  the  cabin.  The  installation  of  the  readout  and  record  equipment  in 
the  helicopter  is  shown  in  Figure  43. 

One-third  octave  band  and  narrow-band  frequency  spectrum  analyses  were  per¬ 
formed  in  the  laboratory  from  the  recorded  signals.  The  selectivity 
characteristics  of  the  one-third  octave  and  narrow-band  analyzers  are  il¬ 
lustrated  in  Figure  44.  The  bandwidth  of  the  filtero  is  determined  by  the 
ratio  of  the  frequencies  at  the  filter  3-db  down  points.  For  the  one-third 
octave  filter,  this  ratio  is  two-thirds;  for  the  narrow-band  filter,  It  is 
6  percent  of  the  center  frequency.  However,  all  of  the  "energy"  unoer  the 
filter  curve  is  reflected  in  the  filter  output,  even  that  part  which  is  be¬ 
yond  the  3-db  down  points.  During  recording,  the  signals  were  monitored  by 
earphones  from  the  tape,  on  the  sound  level  meter  display  and  on  the 
recorder  VU  meter. 

The  arrangements  for  calibration  of  the  sound  and  vibration  measurement 
systems  were  as  follows: 

1)  Initial  calibration  of  accelerometers  -  the  accelerometers,  leads, 
selector  switch,  and  sound  level  meter  were  assembled  in  the  same 
arrangement  as  was  subsequently  used  for  measurements  on  the  heli¬ 
copters.  Each  -f  the  accelerometers  was  mounted  in  turn  on  an 
electromagnetic  vibration  exciter  along  with  a  reference  calibra¬ 
tion  accelerometer.  The  reference  accelerometer  was  connected  to 
a  Fluke  873A  differential  voltmeter  using  only  the  lead  supplied 
with  the  accelerometer.  The  vibration  exciter  was  adjusted  for 
about  1  g  peak  acceleration  at  100  and  at  1,000  Hz,  and  readings 
were  taken  on  both  the  differential  voltmeter  and  the  sound  level 
meter  (including  both  the  meter  reading  and  the  recorder  jack  out¬ 
put).  The  calibration  constant  (ir.  mv/g)  of  each  of  the  measure¬ 
ment  accelerometers  with  Its  leads,  and  including  the  sclecto. 
switch,  was  obtained  using  the  reference  accelerometer  and  dif¬ 
ferential  voltmeter  as  the  standard.  The  differential  voltmeter 
had  recently  been  calibrated  and  was  in  use  as  a  laboratory 
standard. 

2)  Calibration  of  the  sound  measuring  system  -  a  B  i  K  type  4220 
pistonphone  was  used  for  absolute  calibration  of  the  sound 
measuring  system.  When  mounted  properly  on  the  microphone,  the 
pistonphone  produces  a  pure  tone  sound  pressure  of  124  db 

(re  2  x  10”4  y  bar)  +0.2  db  at  250  Hz.  This  signal  was  used  to 
calibrate  the  sound  level  meter  and  was  recorded  on  the  tape  re¬ 
corder  prior  to  each  series  of  measurements  in  order  to  provide  a 
calibration  s.gnal  for  setting  up  the  analysis  and  level  recording 
equipment . 


Ik 


90 


Figure  43.  Installation  of  Recording  and  Rea 
in  Helicopter. 
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Figure  44.  Typical  Filter  Frequency  Selectivity  Characteristics. 


SOUND  PRESSURE  LEVEL  MEASUREMENTS 

The  microphone  locations  for  sound  pressure  level  (SPL)  measurements  for 
both  the  first  and  second  series  of  measurements  are  shown  on  a  cabin  lay¬ 
out  schematic  in  Figure  45.  In  all  cases,  the  microphones  were  positioned 
at  about  head  level  for  a  seated  person.  The  location  at  the  rear  by  the 
right  side  bulkhead  of  che  gearbox  compartment  was  at  an  open  hatch  in  the 
bulkhead.  When  measurements  were  being  made  at  the  other  positions,  this 
hatch  was  blocked. 

Overall  SPL  levels  (linear  response)  for  each  measurement  position  and  for 
all  four  machines  are  given  in  Table  XIII. 

One- third-oc tave  frequency  analyses  of  the  SPL  measurements  for  the  second 
series  of  measurements  are  given  in  Tables  XIV,  XV,  and  XVI,  for  flight- 
idle  operation,  and  Tables  XVII,  XVIII,  and  XIX,  for  cruise  operation.  The 
results  of  the  narrow-band  analysis  of  the  measurements  for  cruise  opera¬ 
tion  are  given  in  Tables  XX,  XXI,  and  XXII.  The  center  frequencies  at 
which  there  are  identifiaole  peaks  or  maxima,  in  the  SPL  spectrum,  are 
listed  with  the  amplitudes  of  SPL  at  those  frequencies. 

'•IBRATION  MEASUREMENTS 

The  locations  of  the  accelerometers  on  the  gearbox  and  its  support  struc¬ 
ture  for  the  first,  preliminary  series  of  measurements  are  shown  in  Figure 
46.  The  accelerometers  were  mounted  by  cementing  (using  Eastman  910 
adhesive)  small  steel  blocks  (5/8-inch  square  by  3/16-iiich  thick)  to  the 
gearbox  or  structure  surface  after  removing  the  paint  and  thoroughly 
cleaning  the  surface  with  abrasive  paper  and  solvent.  Permanent  magnet 
mounting  blocks,  supplied  with  the  accelerometers,  were  used  to  attach  the 
accelerometers  to  the  steel  block'.  The  surfaces  of  the  teel  blocks  were 
ground  plat  and  smooth,  except  the  one  used  at  the  ring  gear  housing  lo¬ 
cation  was  shaped  to  fit  the  housing  contour.  At  the  conclusion  of  the 
flight  test,  the  magnetic  mounting  blocks  ac  the  ring  gear  flange  and  upper 
lift  link  clevis  positions  were  shifted  slightly  from  their  original  posi¬ 
tions  on  the  steel  blocks.  It  was  resolved  to  use  other,  more  positive, 
mounting  methods  for  the  final  series  of  measurements. 

Results  of  the  first  series  of  measurements  are  given  in  Table  XXIT1.  These 
results  are  overall  vibration  levels  at  each  measurement  point  with  the  in¬ 
strumentation  sec  for  linear  response  from  20  to  20,000  Hz.  The  number  of 
points  for  vibration  measurement  was  reduced  to  five  for  the  second  series 
of  measurements.  The  accelerometer  locations  for  these  tests  were  (refer¬ 
ring  to  Figure  46 ) : 

1.  Ring  Gear  Housing 

2.  Case  -  Front  Corner 
J.  Base  -  Aft  Corner 

4.  Upper  Lift  Link  Clevis 

5.  Lower  Lift  Link  Clevis 

The  method  for  attaching  the  accelerometer  was  changed  by  cementing 


TABLE  mi, 


OVERALL  SOUND  PRESSURE  LEVELS 
(db,  rms ,  re  0.0002  dyne/cm  ) 


Aircraft  No. 

Microphone  Position 

F irs t  Series 

Main  Cabin 

Cabin 

Rear 

Lef l  Right 

Left 

Right  (open  hatch) 

Cruise 

• 

65-9960 

107.5  107 

107 

115.5 

Second  Series 

C«t4n 

Cabin  Rear 

At  Qoen  hntch 

Cruise 

66-1038 

105.8 

105.5 

121.2 

66-1039 

105.2 

105  7 

120.  E 

66-1043 

105 

105.7 

119 

f.U&ht  Idle 

66-1038 

101.5 

100 

117 

66-1039 

100.5 

100 

120.5 

66-1043 

97 

97.2 

117 

95 


TABLE  XV.  TABULATED  ONE-THIRD-OCTAVE  FREQUENCY 
ANALYSIS  OF  SOUND  MEASUREMENTS, 
FLIGHT  IDLE  OPERATION 
AIRCRAFT  NO.  66-1039 

SPL,  db  re  0.0002  dyne/cm2 


Center  Frequency 

Measurement  Position 

Hz 

At  Gearbox 
Compt.  Hatch 

Behind 

Pilot 

Rear  of 
Cabin 

20 

<74 

<64 

<64 

25 

78 

76 

80 

32 

82.5 

83 

83.5 

40 

96 

91 

89.5 

50 

94 

89.5 

89.5 

64 

90 

83.5 

82.5 

80 

94 

91 

85 

100 

89 

78.5 

84.5 

125 

88.5 

81.5 

84 

160 

95.5 

85.5 

84 

200 

97.5 

93.5 

89.5 

250 

105.5 

89.4 

88.4 

320 

95.5 

83 

81.5 

400 

97.5 

86.5 

85.8 

500 

96 

84.5 

82.5 

640 

93 

77.5 

81.4 

800 

102 

83.5 

83.5 

1000 

96.5 

80.5 

80.2 

1250 

109.2 

82 

85.3 

1600 

102.2 

77.8 

79.2 

2000 

111.8 

83.5 

80.8 

2500 

109.5 

83 

81.3 

3200 

105.5 

81 

80.5 

4000 

107.5 

81.5 

81 

5000 

106.5 

81 

79.5 

6400 

105.5 

83.2 

84 

8000 

104.5 

84 

84.5 

10,000 

97 

75.5 

75 

12,500 

96 

71 

72 

16,000 

90 

66 

65.5 

V 


% 

e: 
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X 

1 


4 
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TABLE  XVI. 

TABULATED  ONE-THIRD-OCTAVE  FREQUENCY 

ANALYSIS  OF  SOUND  MEASUREMENTS, 

FLIGHT  IDLE  OPERATION 

AIRCRAFT  NO.  66-1043 

2 

SPL,  db  re  0.0002  dyne/cm 

Center  Frequency 
Wi 

1 _ Mpaaurement  Pnaitlnn _ 

At  Gearbox 
Compt .  Hatch 

behind  Rear  of • 

Pilot  Cabin 

20 

<  74 

<54 

<  64 

25 

78 

80 

72 

32 

76.5 

79.5 

82.5 

40 

82 

84 

82 

50 

85.5 

76 

80 

64 

93 

83.5 

85.5 

80 

85 

79 

76 

100 

84 

75 

81 

125 

91 

79.5 

80.5 

160 

94 

85.5 

85.5 

200 

93.5 

87.5 

78.5 

2  50 

91 

78 

79.5 

32C 

89.5 

79 

84.5 

400 

92 

84 

84.5 

500 

92 

64 

84.5 

640 

94 

77 

81 

800 

95 

79.4 

8b 

1000 

101 

78 

82 

1250 

104.5 

78 

81.5 

1600 

104 

77.5 

79.5 

2000 

no. 5 

80 

81 

2500 

104.5 

80 

80.6 

3200 

105.5 

80 

81.7 

4000 

106  5 

80 

80 

5000 

102.6 

78.  > 

79 

6400 

112.5 

85.5 

90.7 

8000 

105 

82.5 

89.8 

10,000 

97 

72 

74.5 

12,500 

97.5 

70 

72.4 

16,000 

84.5 

59.5 

64 

Lin. 

117 

97 

47.2 

i 
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TABLE  XVJI.  TABULATED  ONE-THIRD-OCTAVE  FREQUENCY 
ANALYSIS  OF  SOUND  MEASUREMENTS  - 
CRUISE  OPERATION  AIRCRAFT  NO.  66-1038 

2 

SPI.,  db  re  0.0002  dyne/cm 


Center  Frequency 
Hz 


12,500 


|  Measurement  Position  1 

At  Gearbox 

Behind 

Rear  of 

Compt.  Hatch 

Pilot 

Cabin 

<74 

<  64 

<  64 

91 

84 

87 

95.5 

98.5 

92 

95 

89 

87.5 

101.5 

89 

96.8 

101.3 

91 

92.5 

98 

92 

89.5 

102.5 

92.5 

93.5 

97.5 

92.5 

96 

99 

95.5 

94.5 

107.5 

95.5 

96 

105.5 

93. S 

97.5 

99 

95.7 

91 

95.5 

91.5 

88.5 

95.5 

85.7 

87 

99 

85.7 

86.7 

96.5 

82 

33.5 

100.5 

82 

82 

105.5 

SC 

81.5 

102.3 

79.5 

79.5 

106.3 

8*4 . 2 

83.5 

104 

77.4 

78 

1 18 

85.5 

87.2 

113 

85.5 

83.3 

105.8 

78.3 

78.3 

110.8 

80 

78.8 

105 

79 

81 

88 

66.5 

66.5 

78.5 

<64 

<  64 

121.2 

105.8 

105.5 

99 


TABLE  XVIII. 


Center  Frequency 
Hz 


40 

50 

64 

80 

100 

125 

160 

200 

250 

320 

400 

500 

640 

800 

1000 

1250 

1600 

2000 

2500 

3200 

4000 

5000 

6400 

8000 

10,000 


TABULATED  ONE-THIRD-OCTAVE  FREQUENCY 
ANALYSIS  OF  SOUND  MEASUREMENTS  - 
CRUISE  OPERATION  AIRCRAFT  NO,  66-1039 

SPL,  db  re  0.0002  dyne/cm2 


Measurement  Position 


At  Gearbox 
Compt.  Hatch 

Behind 

Pilot 

1 

Rear  of 
Cabin 

<74 

<64  1 

<  64 

86.5 

83.5  1 

'  87 

98.5 

98 

90 

97.5 

91 

93.5 

103 

91 

97 

102.5 

90.5 

91.5 

99 

88.5 

87 

105 

95 

99 

99 

91 

94 

101.5 

96.5 

92.5 

110 

95.5 

95.5 

107.4 

95 

95.5 

101.5 

92.5 

91.5 

100 

89  „ 

89 

96.5 

90. & 

86 

101.5 

86.51 

88.5 

98 

81.  sj 

84 

98.5 

81. 5| 

81.5 

103.5 

81.5 

82.5 

102.7 

78.5 

78.8 

108.7 

80 

80.5 

103 

78.5 

79 

110.5 

85.2 

80.5 

115.5 

89.4 

89.5 

106 

79.3 

78.4 

110 

81 

79.7 

106.4 

1  79.5 

78.5 

no 

82 

83.5 

92.5 

68 

67.2 

8)  .5 

<64 

<  64 

120.8 

105.2 

105 . 7 

100 


TABLE  XIX.  TABULATED  ONE-THIRD-OCTAVE  FREQUENCY 
ANALYSIS  OF  SOUND  MEASUREMENTS  - 
CRUISE  OPERATION  AIRCRAFT  NO.  66-1043 

SPL,  db  re  0.0002  dyne/cm^ 


Center  Frequency 

Hz 

Measurement  Position 

At  Gearbox 
Compt.  Hatch 

Behind 

Pilot 

Rear  of 
Cabin 

20 

<  84 

<  64 

<  74 

25 

90 

92 

b8 

32 

99.5 

96 

88.5 

40 

99 

88.5 

88.5 

50 

103 

89 

9d 

64 

101 

92.5 

93.5 

80 

102 

90 

88.5 

100 

102 

91 

91.5 

125 

99 

91.3 

91 

160 

104 

95 

93 

200 

106 

93.5 

97.3 

250 

106 

93 

93 

320 

99.5 

90.8 

81.5 

400 

99 

86.5  ' 

88 

500 

100 

88 

94 

640 

104 

94.5 

93.5 

800 

100 

84 

83 

1000 

102 

84.3 

82.5 

1250 

105.5 

81  2 

83 

1600 

104 

81.2 

80 

2000 

109.5 

84.4 

83 

2500 

106 

8C.5 

81 

3200 

1 10 

96 

83.5 

4000 

i  12 

Vi  *, 

84.5 

5000 

105.6 

so 

79 

6400 

.'06.5 

8C.5 

dl  .  5 

8000 

104.5 

80 

79 

10,000 

103.5 

80 

81 

i2,500 

90.5 

6? 

<  74 

lb, 000 

<  84 

<  64 

<  74 

Lin. 

119 

105 

105.7 

TABLE  XX.  NARROW- BAND  FREQUENCY  ANALYSIS  OF  SPL  MEASUREMENTS 

FOR  CRUISE  OPERATION,  AIRCRAFT  NO.  66-1038 

Measurement  at  Hatch 
to  Gearbox  Compartment 

Measurement  Behind 
Pilot 

Measurement  At 

Rear  of  Cabin 

Frequency  SPL 

Hr  db  re 

0.0002  dyn*/cm 

Frequency  SPL 

Hi  db  re 

2 

0.0002  dyne/cm 

Frequency  SPL 

Hi  db  re 

2 

0.0002  dyne/cm 

22  96 

26  86 

33  94 

44  96.5 

54  101 

73  85 

83  86 

97  88 

110  89 

165  87 

220  108 

270  101 

285  101 

300  94 

320  93 

360  94 

440  91 

670  96 

1100  100 

1300  105 

1950  105 

3200  117 

4000  113 

6000  110 

9200  94 

21.5  97 

27  83 

33  98 

44  88 

55  87 

73  07 

100  5 

142  90 

165  93.5 

220  88 

265  91 

280  94 

300  93 

320  92 

670  83 

800  79 

1100  79 

2000  83 

3250  84 

4000  82 

6000  78 

9200  82 

22  96 

26  83 

27  85 

28  84 

32  89 

44  84 

54  94 

73  87 

110  91 

:40  94 

163  92 

195  91 

220  95 

230  94 

240  91 

270  94 

290  93 

300  89 

320  88 

360  87 

540  83 

1320  77 

1900  80.5 

3200  84 

4000  79 

6000  76 

9200  77 

9700  78 

102 


TABLE  XXI.  NARROW- BAND  FREQUENCY  ANALYSIS  OF  SPL  MEASUREMENTS 
FOR  CRUISE  OPERATION, AIRCRAFT  NO.  66-1039 


Measurement 
To  Gearbox 

at  Hatch 
Compartment 

Measurement  Behind 
Pilot 

Meiaurr- 
Rear  c 

'  t 

Frequency 

Hz 

SPL 
db  re 

0.0002  dyne/cm 

Frequency 

Hz 

SPL 
db  re 

0.0002  dyne/cm 

Frequency 

Hz 

0 

SPL 

db  re 

0002  dyne/cm 

21.5 

96 

21.7 

92 

21.5 

96 

32 

100.5 

27 

79 

27 

82 

44 

96 

32.2 

98.5 

32 

89 

56 

102 

43 

88.5 

43 

93.5 

65 

98 

55 

91 

55 

96 

72 

97 

64 

90 

64 

80 

no 

104 

72 

88 

72 

85 

132 

97 

98 

85 

68 

83.5 

165 

98 

112 

92 

98 

92.5 

220 

110.5 

140 

87 

112 

99 

250 

107 

166 

95.5 

165 

89.4 

270 

104 

195 

92 

200 

rtO 

J 

290 

105.5 

260 

92.5 

255 

92  / 

360 

102 

275 

97 

270 

94 

450 

95 

330 

88 

280 

93 

650 

103 

360 

89 

293 

87 

740 

97 

400 

87 

360 

91 

780 

95.5 

450 

85 

550 

83 

870 

96 

650 

85 

bUb 

86 

1100 

97.5 

1020 

78 

1100 

79 

1300 

105 

1060 

78 

1300 

84 

1900 

109.5 

1300 

82 

1900 

80 

2230 

100 

1900 

78 

2100 

77 

3200 

110.2 

2700 

77 

2800 

79.5 

7  000 

115.5 

3200 

87 

3200 

82 

6000 

109 

4000 

87 

4000 

84 

8000 

102 

6000 

81.5 

6000 

8‘ 

9500 

113.5 

8300 

81.5 

9500 

86.5 

9600 

87 

2 
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TABLE 

XXII.  NARROW- BAND  FREQUENCY  ANALYSIS  OF  SPL  MEASUREMENTS 

FOR  CRUISE  OPERATION, AIRCRAFT  NO.  66-1043 

Measurement  at  Hatch 

To  Gearbox  Compartment 

Measurement  Behind 
Pilot 

Measurement  At 

Rear  o(  Cabin 

Frequency 

Hi 

SPL 
db  re 

0.0002  dyne/cm 

Frequency 

Hz 

SPL 
db  re 

0.0002  dyne/cm 

Frequency 

Hz 

SPL 
db  re 

0.0002  dyne /cm 

21.5 

94 

21.5 

93 

21.3 

96 

27 

86 

32 

98 

32 

86 

32 

97 

44 

83 

44 

88 

44 

98 

55 

88.5 

55 

95.5 

54 

102 

64 

87 

64 

88 

72 

99 

72 

88 

72 

92 

85 

96 

97 

86.5 

85 

77 

110 

105 

no 

90 

98 

92 

l<,0 

94 

150 

91.5 

no 

96 

105 

98 

165 

92.5 

125 

88 

200 

101 

190 

90.5 

135 

91 

220 

no 

218 

94 

165 

92 

ro 

G 

102 

255 

89 

220 

98 

320 

94 

275 

92 

265 

90 

o 

o 

98 

320 

88 

280 

90 

640 

103 

500 

84.5 

300 

89 

1 100  t  *• 

640  f 

94.5 

320 

89 

1300 

104.5 

800 

80 

440 

86 

1900 

107 

1100 

82 

520 

94 

2800 

106 

1300 

79.5 

640 

92 

3200 

106 

1600 

77 

840 

80 

4000 

111.5 

1850 

84 

1 100 

84 

6000 

105 

2  7  50 

79.5 

1300 

83 

8000 

100 

3200 

82.5 

1850 

84 

9200 

109 

4000 

87 

2800 

82 

4800 

75 

3200 

90 

6000 

80 

4000 

85 

9300 

81 

6000 

80 

10,200 

74 

9200 

87 

I 


Rotor  Hast 


Note.  Numbers  in  parentheses 
indicate  series  of 
measurements  in  which 
the  location  was  used./ 


Oarbox 


Ring  gear  housing 
flange  (1) 


a 


-Ring  gear  housing 

(1,2) 


Upper  clevis" 
of  lift  link 
(1,2) 


S'  '  Base  at  aft  corner 

(1,2) 

Base  at  forward  corner  (1,2) 


Lower  clevis  of  lift  link  (1,2) 


(a)  Entire  gearbox  wiLh  lift  link. 


Structure  at 
forward  mount  ( I ) 


^Structure  at  fifth  mount(l) 
- Structure  at  aft  mount  (1) 


Structure  under 
aft  mount  (1) 


(b)  Enlarged  detail  of  aircraft  structure,  showing  corner  mount  and  damper. 


Figure  46.  Accelerometer  Locations  for  Vibration  Measurements  in 
the  First  and  Second  Flight  Series. 
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aluminum  blocks  (3/8- Inch  square  by  3/8- inch  thick)  to  the  gearbox  surface 
(Eastman  910  adhesive)  and  attaching  the  accelerometers  to  the  blocks  with 
mounting  studs.  This  arrangement  was  entirely  satisfactory. 

Overall  levels  of  vibration  (linear  response)  are  tabulated  in  Table  XXIV 
for  'll  measurement  points  and  both  flight  conditions.  One  measurement 
poim .  the  ring  gear  housing  location  for  aircraft  No.  66-1039,  cruise 
operation,  was  not  obtained  due  to  damage  to  the  connecting  lead  at  some 
time  after  the  installation  was  completed  and  checked  out. 

The  results  of  one- third-octave  frequency  analysis  for  all  of  the  vibration 
measurement  points,  including  cruise  and  flight- idle  operation  of  all  three 
aircraft,  are  given  in  Tables  XXV,  XXVI,  XXVII,  XXVIII,  XXIX,  and  XXX. 

MEASUREMENTS  ON  CABIN  SURFACES 

During  cruise  operation  with  aircraft  No.  66-1039,  a  hand-held  accelero¬ 
meter  probe  was  used  to  obtain  vibration  measurements  at  a  number  of  loca¬ 
tions  on  the  cabin  deck,  side,  and  gearbox  compartment  bulkhead  surfaces. 
The  locations  of  the  measurement  points  are  identified  on  a  schematic  of 
the  cabin  layout  in  Figure  19  in  the  Discussion  section  of  this  report. 
Overall  acceleration  levels  recorded  at  each  of  the  16  measurement  posi¬ 
tions  are  tabulated  under  the  schematic  layout. 

Narrow-band  analysis  was  performed  on  the  data  from  the  center  of  the  gear¬ 
box  compartment  bulkhead  (position  16),  and  results  of  this  are  shown  also 
in  Figure  19.  These  results  are  presented  as  the  frequencies  and  surface 
vibration  velocity  amplitudes  of  Identifiable  maxima  in  the  narrow-band 
spectrum. 
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TABLE  XXIV.  VIBRATION  LEVELS  MEASURED  ON  GEARBOX 

DURING  FINAL  SERIES  OF  TESTS 

1 - 

Accelerometer  Location 

Acceleration,  g,  rma  (Lin.) 

Aircraft  No. 

66-1038 

66-1039 

* 

66-1043 

Crulaa  Operation 

Ring  Gear  Houaing 

78.0 

- 

33.0 

Baae  -  Fwd.  Corner 

33.0 

22.0 

27.0 

Baae  -  Aft  Corner 

12.4 

29.0 

12.5 

Above  Lift  Link 

16.3 

25.0 

16.5 

Below  Lift  Link 

11.5 

8.7 

7.5 

Fliaht  -  Idle  Operation 

Ring  Gear  Housing 

22.0 

35.0 

24.0 

Baae  -  Fwd.  Corner 

10.5 

13.5 

11.2 

Base  -  Aft  Corner 

7.5 

12.5 

9.8 

Above  Lift  Link 

8.5 

11.5 

11.7 

Below  Lift  Link 

3.4 

7.7 

3.3 

4 


\ 
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TABLE  XXV.  TABULATED  ONE-THIRD-OCTAVE  FREQUENCY 
ANALYSIS  OF  VIBRATION  DATA,  A IRCRAFT 
NO.  66-1038  -  CRUISE  OPERATION 


Acceleration,  g  (rms) 

Center 

Ring 

Base 

Base 

Be  low 

Above 

Frequency 

Gear 

Fwd. 

Aft 

Lift 

Lift 

Housing 

Link 

Link 

20 

<.50 

<.19 

<.06 

<•05 

<•165 

25 

<.50 

.23 

.085 

.36 

<.165 

32 

<.50 

<•19 

.095 

.085 

<.  165 

40 

.90 

.23 

.135 

.175 

<■165 

50 

.53 

<•19 

.09 

.  165 

<.165 

64 

1.90 

.80 

.30 

.40 

.24 

80 

.67 

.42 

.29 

.37 

.23 

100 

.57 

.28 

.24 

.2 

.17 

125 

1.13 

.45 

.  14 

.15 

<•165 

160 

.73 

.21 

.13 

.13 

<  .  165 

200 

2.1 

.  19 

.  19 

.  1 1 

<.165 

250 

1.8 

.215 

.21 

.085 

<.165 

320 

.85 

.21 

.25 

.075 

<•165 

400 

.90 

.235 

.30 

.13 

<.165 

500 

.85 

<•19 

.25 

.80 

.  18 

640 

.80 

.75 

.43 

.  12 

.25 

800 

.85 

.35 

.34 

.  14 

.23 

1000 

t.C 

1.05 

.74 

.40 

.42 

1250 

1.9 

1.35 

.00 

.49 

.62 

1600 

3.02 

1.30 

.95 

.47 

.  v9 

2000 

10.3 

4.5 

2.70 

1.55 

2.40 

2500 

5.8 

3.0 

1.01 

1 .  10 

2.40 

3200 

9.5 

14.0 

4.40 

3.60 

14.50 

4000 

53.0 

27.0 

5.50 

10.50 

5.20 

5000 

23.5 

6.4 

5.40 

2.18 

1 .80 

6400 

45.0 

9.2 

7.40 

.95 

1.55 

8000 

34.0 

4.9 

3.50 

.32 

.  70 

10,000 

10.2 

2.0 

1.70 

.38 

.58 

12,500 

5.6 

.95 

1.01 

.  185 

.  76 

16,000 

1.5 

.255 

.27 

<-.05 

.24 

Lin. 

78.0 

33.0 

12.4 

11.5 

16.3 
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TABLE  XXVI.  TABULATED  ONE-THIRD-OCTAVE  FREQUENCY 

ANALYSIS  OF  VIBRATION  DATA, AIRCRAFT 

NO.  66-1039  -  CRUISE  OPERATION 

Center 

Frequency 

Acceleration,  g  (rms) 

Ring  Base  Base  Below  Above 

Gear  Fwd.  Aft  Lift  Lift 

Housing  Link  Link 

<.19 

<.18 

<.05 

.165 

<.19 

.36 

.165 

.26 

.225 

.34 

.09 

.22 

40 

<•19 

.21 

.085 

.22 

50 

<•19 

.21 

.08 

.22 

64 

.52 

.47 

.11 

.44 

80 

.20 

.21 

.11 

.26 

100 

<.19 

.21 

.115 

.22 

125 

.20 

.21 

.105 

.245 

160 

<.19 

<.18 

.07 

.185 

200J 

.215 

<.18 

.07 

.185 

25C 

.215 

.21 

.085 

.175 

320 

<.19 

<.18 

.055 

.165 

400 

.19 

.195 

.065 

.165 

500 

.215 

.21 

.08 

.165 

640 

Q 

.47 

.38 

.125 

.28 

800 

g 

M 

.40 

.26 

.155 

.195 

1000 

5 

to 

O 

.85 

.60 

.46 

.26 

1250 

< 

H 

2.0 

1.35 

.50 

.92 

1600 

g 

1.05 

.75 

.62 

1.20 

2000 

O 

z 

2.40 

1.90 

1.60 

2.50 

2500 

1.95 

1.05 

1.10 

2.15 

3200 

6.40 

3.40 

1.65 

9.70 

4000 

15.0 

21.0 

7.30 

22.0 

5000 

6.8 

9.0 

3.30 

5.40 

6400 

14.0 

18  0 

1.95 

2.80 

8000 

4.2 

5.30 

.54 

1  45 

10000 

2.90 

2.30 

1.01 

L . 

12500 

2.15 

1.45 

.21 

•*/k 

16000 

.40 

.38 

<■05 

Lin. 

22.0 

29.0 

8. 

25.0 

«**»  •  • 

25. 0 


TABLE  XXVII.  TABULATED  ONE-THIRD-OCTAVE  FREQUENCY 
ANALYSIS  OF  VIBRATION  DATA,  AIRCRAFT 
NO.  66-1043  -  CRUISE  OPERATION 


|  Acceleration,  g  (rms) 

Center 

Ring 

Bsse 

Base 

Belov 

Above 

Frequency 

Geer 

Fwd. 

Aft 

Lift 

Lift. 

Housing 

Link 

Link 

20 

<.16 

<.19 

<.18 

<•05 

<•05 

25 

.18 

.215 

<•18 

.105 

.09 

32 

<.16 

.205 

<.18 

<•05 

<•05 

40 

.21 

.19 

<.18 

<•05 

<.05 

50 

.18 

<.19 

<.18 

.07 

<.05 

64 

1.22 

.65 

.20 

.47 

.53 

80 

1.22 

.42 

<•18 

.43 

.46 

100 

.24 

.215 

<-18 

.06 

<•05 

125 

.28 

<•19 

<.18 

.06 

<•05 

160 

.31 

<.19 

<■18 

<.05 

<.05 

200 

.42 

<•19 

<.18 

<.05 

<•05 

250 

.29 

<.19 

<•18 

<.05 

<•05 

320 

.29 

<.19 

<.18 

<.05 

<•05 

400 

.50 

.23 

<.18 

.155 

<.05 

500 

.28 

.43 

.295 

.26 

.45 

640 

.25 

1.50 

1.20 

.14 

.46 

800 

.62 

.44 

.21 

.22 

.07 

1000 

29 

.80 

.55 

.43 

.09 

1250 

.43 

1.15 

.84 

.37 

.64 

1600 

.82 

1.10 

.70 

.37 

.81 

2000 

2.40 

2.55 

1.80 

1.25 

2... 

2500 

1.75 

3.40 

1.25 

.95 

2.85 

3200 

2.50 

12.8 

3.50 

1.42 

8.70 

4000 

13.8 

21.0 

5.30 

5.50 

13.0 

5000 

12.0 

6.0 

6.70 

3.50 

3.40 

6400 

24.0 

8.0 

6.70 

2.60 

4.70 

8000 

12.0 

3.1 

3.10 

'  5 

1.35 

100C0 

7.0 

1.55 

2.00 

.26 

.80 

NJ 

'Xr 

O 

o 

3.9 

.85 

1.10 

.33 

.50 

16^)00 

1.1 

.19 

.28 

<•05 

.055 

Lin . 

33.0 

27.0 

12.5 

7.50 

16.5 

TABLE  XXVIII. 


Center 

Frequency 


20 

25 

32 

40 

50 

64 

80 

100 

125 

160 

200 

250 

320 

400 

500 

640 

800 

1000 

1250 

1600 

2000 

2500 

3200 

4000 

5000 

u400 

8000 

10000 

12500 

16000 

Lin. 


TABULATED  ONE-THIRD-OCTAVE  FREQUENCY 
ANALYSIS  OF  VIBRATION  DATA, AIRCRAFT 
NO.  66-1038  (FLIGHT- IDLE  OPERATION) 


Aeceieratlon 


<.11 

.14 

.28 

1.35 

.13 

.20 

.33 

.54 

.31 

.35 

.37 

.75 

1.40 

1.75 

2.10 

.91 

5.80 

4.00 

5.00 

4.00 

4.70 

3.50 

10.5 

5.00 

10.5 

4.70 

10.5 

4.00 

10.5 

1.40 

2.10 

.70 

.80 

.27 

.26 

.90 

22.0 

10.5 

.07 

.55 

.44 

<.055 

.06 

<.055 

<.055 

.07 

.065 

.06 

.115 

.57 

.135 


<.05 

.08 

.06 

.28 

.21 

.09 

.07 

.075 

.065 

.06 

.06 

.055 

.055 

.15 

.07 


.47 

.075 

.09 

.18 

.165 

.15 

.47 

.35 

.19 

1.45 

.80 

.50 

.75 

.31 

.80 

3.70 

.72 

3.50 

1.45 

1.02 

3.10 

1.45 

1.75 

5.70 

3.2" 

2.40 

4.30 

4.60 

1.08 

1.30 

2.10 

.28 

.63 

1.65 

.145 

.33 

2.50 

.09 

.33 

.45 

.08 

.14 

.04 

.105 

7.50 

3.4 

8.50 

L2 


TABLE  XXIX.  TABULATED  ONE -THIRD- OCTAVE  FREQUENCY 
ANALYSIS  OF ‘VIBRATION  DATA,  axKCRAFT 
NO.  66-1039  (FLIGHT- IDLE  OPERATION) 


Center 

Frequency 

Acceleration,  g  (rmf) 

Ring 

Gear 

Housing 

Baae 

Fwd. 

Bate 

Aft 

K9 

-  Iin9 

20 

<.54 

<.19 

<.18 

<.165 

<.05 

2? 

<.54 

'  <.19 

<.18 

<.165 

.07 

32 

<.54 

<•19 

<.18 

<.165 

.105 

AO 

.60 

.34 

.26 

.35 

.31 

50 

1.35 

1.15 

.85 

1.30 

1.10 

64 

<.54 

.19 

.20 

<.165 

.25 

80 

.56 

<.19 

<.18 

<.165 

.10 

100 

.64 

<.19 

<.18 

<.165 

.11 

125 

.64 

<.19 

<.18 

<.165 

.11 

160 

.60 

<.19 

<.18 

<.165 

.105 

200 

.64 

<.19 

<.18 

<.165 

.105 

250 

<.54 

<.19 

<.18 

165 

.11 

320 

<.54 

<.19 

<.  18 

..i65 

.105 

400 

.54 

.90 

.67 

.79 

.47 

500 

<.54 

.52 

.33 

.165 

.145 

640 

<.54 

.23 

<.18 

<.165 

.11 

800 

.67 

.70 

.65 

.22 

.25 

1000 

.67 

.65 

.52 

.22 

.23 

1250 

1.80 

1.30 

1.30 

.79 

1.10 

1600 

2.40 

.90 

.86 

.33 

.70 

2000 

5.50 

5.80 

3.30 

1.30 

2.00 

2500 

13.0 

4.00 

2.40 

2.15 

3.00 

3200 

5.50 

2.80 

1.60 

1.11 

3.60 

4000 

19.0 

9.00 

5.50 

7.00 

9.60 

5000 

21.0 

..80 

9.00 

2.40 

4.30 

6400 

11.2 

3.50 

4.80 

.55 

1.25 

8000 

8.50 

1.60 

2.40 

.20 

.60 

10000 

5.00 

.90 

.92 

<.165 

.42 

12500 

1.35 

.60 

.36 

<.165 

.165 

16000 

.54 

<.19 

<.18 

<.165 

.10 

Lin. 

35.0 

13.5 

12.5 

7.70 

11.5 

TABLE  XXX. 

TABULATED  ONE-THIRD-OCTAVE  FREQUENCY 
ANALYSIS  OF  VIBRATION  DATA, AIRCRAFT 

NO.  66-1043  (FLIGHT- IDLE  OPERATION) 

- 

Center 

Frequency 

Acceleretlon,  g  (rma) 

Ring 

Geer 

Houa lng 

Beie 

Fvd . 

Bate 

Aft 

Below 

Lift 

Link 

■ 

mSSm  i 

20 

<.54 

<•19 

<.  18 

<.05 

<.165 

25 

<.54 

<•19 

<.18 

<.05 

.175 

32 

<.54 

<.19 

<.18 

<.05 

.21 

AO 

1.60 

2.1 

.95 

.63 

.62 

50 

1.00 

1.12 

.46 

.295 

.30 

64 

<.54 

<.19 

<.18 

.06 

.165 

80 

<.54 

<.19 

<.18 

<.05 

.165 

100 

<.54 

<.19 

<.18 

<.05 

<.165 

125 

<.54 

<.19 

<.18 

<.05 

<.165 

160 

<.54 

<.19 

<.18 

<.05 

<•165 

200 

<.54 

<•19 

<.18 

<.05 

<.165 

250 

<.54 

<.19 

<.18 

<  05 

<.165 

320 

<.54 

.25 

.18 

<•05 

<.165 

400 

.67 

1.45 

.60 

.23 

.23 

500 

<.54 

.20 

.18 

,06 

<.165 

640 

<•54 

.27 

.30 

.085 

<.165 

800 

<.54 

.28 

.24 

22 

.23 

1000 

<.54 

.80 

.57 

62 

.35 

1250 

.95 

1.20 

.85 

.62 

.53 

1600 

1.80 

1.60 

1.32 

.24 

.65 

2000 

4.30 

8.00 

7.20 

.88 

2.20 

2500 

5.40 

3.20 

1.45 

.88 

2.30 

3200 

6.40 

3.80 

2.00 

1.40 

7.50 

4000 

13.2 

3.80 

3.00 

1.65 

7.50 

5000 

16.0 

3.80 

4.70 

2.20 

1.50 

6400 

10.0 

3.20 

2.10 

.40 

1.55 

8000 

6.00 

1.20 

1.08 

.19 

.43 

10000 

2.70 

.56 

.60 

.085 

.31 

12500 

.75 

.28 

.36 

.065 

.165 

16000 

<.54 

<.19 

<.18 

<.05 

<.165 

Lin. 

24.0 

_ 

11.2 

9.80 

3.30 

11.7 

.*.**w»*»«WWt*  K  fXHft  V|*  ’  *  1  v 


wr 


mmmtmmmmwi 


APPENDIX  II 

MEASUREMENT  OF  GEARBOX  HOUSING  STRUCTURAL  RESPONSE 


The  procedure  was  to  apply  cyclic  force  at  one  of  several  points  on  the 
gearbox  structure  while  measuring  the  response  at  the  point  of  force  appli¬ 
cation  and  at  a  number  of  other  points  on  the  structure.  The  locations  of 
the  points  of  force  application  and  of  the  accelerometers  are  shown  in 
Figure  47.  The  selected  drive  points  were  the  ring  gear  housing  and  those 
locations  of  input  shaft  and  mast  support  bearings  which  were  accessible 
without  disassembling  the  gearbox.  Prior  to  affixing  the  accelerometers , 
various  points  on  the  housing  were  probed  with  a  hand-held  accelerometer 
while  driving  at  the  mast  upper  bearing  support.  There  were  no  points  of 
especially  high  level  response,  so  the  accelerometers  were  mounted  mostly 
at  the  same  locations  as  were  used  to  obtain  vibration  data  in  the  heli¬ 
copter. 

For  these  measurements,  the  gearbox  was  supported  on  the  soft  mounts  which 
normally  hold  it  in  its  shipping  container.  These  are  located  at  the  four 
corner  positions  normally  used  for  mounting  in  the  aircraft.  The  lift  link 
was  not  connected  and  the  mast  was  removed.  The  procedure  was  to  drive 
with  a  small  electromagnetic  shaker  at  a  series  of  discrete  frequencies 
from  200  to  10,000  Hz.  The  shaker  excitation  was  adjusted  to  give  a  con¬ 
stant  input  force  of  3.165  lb  peak-io-peak  at  all  frequencies  as  measured 
by  a  piezoelectric  force  cell  Inserted  in  the  drive  connection  under  com¬ 
pressive  preload.  The  fixtures  for  attaching  che  drive  rod  to  the  gearbox 
were  designed  so  that -the  rod  end  was  in  direct  contact  with  the  gearbox 
surface  under  substantial  preload.  The  accelerometers  were  mounted  by 
studs  on  aluminum  blocks  which  were  cemented  to  the  gearbox  surface. 

Figure  48  shows  the  gearbox  with  the  shaker  connected  to  drive  at  the  ring 
gear  housing.  The  accelerometers  mounted  on  the  ring  gear  housing,  lower 
housing,  and  base  after  corner  (Nos.  1,  2,  and  3  in  Figure  47)  are  visible. 
The  mounting  bracket  for  the  drive  rod  at  the  input  shaft  bearing  housing 
is  also  visible. 

Complete  results  of  the  measurements  are  given  in  Table  XXXI  as  acceleration 
in  db,  with  slightly  different  reference  levels  for  the  different  measure¬ 
ment  points  depending  on  the  accelerometer  sensitivity. 
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Legend: 


Location  and  orientation  of  excitation  force 


Location  and  orientation  of  accelerometer 


Notea: 

Accelerometers  In  position*  1  through  5  remained  In  position 
shown  for  all  excitations. 

Accelerometers  shown  alongside  excitation  force  changed  positions 
with  change  of  excitation.  Data  for  each  of  these  positions  are 
listed  under  position  6  In  the  data  tables. 


Figure  47.  Location  of  Excitation  and  Accelerometers  for  Gearbox 
Houaing  Structural  Response  Measurements. 
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TABLE  XXXI.  MEASURED  CASING  RESPONSE 

Excitation Applied  to  Mast  Upper  Bearing  Support 
Acceleration,  db  (mis)  (2) 

Frequency 

Hi 

'  positioh<j)  J 

1 

2 

3 

4 

j 

6 

200 

50.0 

50.0 

53.2 

49.0 

49.5 

57.0 

300 

52.0 

50.0 

49.5 

49.5 

50.0 

58.7 

500 

52.5 

50.0 

49.5 

49.0 

50.5 

58.0 

700 

57.8 

50.0 

50.5 

49.0 

52.0 

68.3 

750 

63.8 

52.0 

57.0 

54.3 

52.5 

76.3 

800 

69.9 

54.2 

62.0 

59.0 

54.5 

76.4 

900 

73.8 

56.0 

54.2 

66.8 

57.7 

82.0 

1000 

75 

60.0 

67.4 

56.0 

60.0 

85.6 

1050 

80 

63.7 

71.0 

61.5 

66.2 

91.0 

1100 

86.8 

64.5 

71.2 

65.4 

72.0 

95.5 

1200 

83 

53.5 

69.2 

54.0 

64.3 

90.0 

1400 

77.3 

52.5 

57.7 

55.4 

59.8 

80.0 

1500 

78.5 

60.0 

66.5 

56.7 

55.5 

78.0 

1570 

80 

61.7 

54.2 

50.5 

57.5 

77.7 

1700 

82.5 

68.5 

65.0 

64.2 

65.5 

62.5 

1900 

81.8 

66.5 

68.0 

69.5 

77.5 

89.0 

2000 

72.0 

68.4 

67.2 

64.0 

76.0 

91.0 

2250 

84.0 

74.5 

76.5 

70.0 

72.5 

94.6 

2500 

88.2 

75.0 

80.0 

74.0 

76.0 

110.0 

2750 

91.0 

65.5 

89.3 

73.8 

90.5 

111.2 

3000 

96.0 

76.3 

79.0 

85.5 

94.0 

113.2 

3500 

85.3 

78.7 

87.9 

80.2 

85.7 

118.6 

4000 

91.0 

76.3 

74.5 

74.5 

71.5 

105.7 

4500 

86.5 

77.0 

93.0 

97.4 

71.0 

106.5 

5000 

86.4 

75.5 

79.6 

75.7 

64.5 

106.2 

5500 

82.2 

70.5 

72.2 

70.0 

77.0 

98.0 

5800 

82.5 

74.0 

71.0 

77.8 

81.5 

104.4 

6000 

83.9 

67.0 

75.4 

75.0 

66.5 

103.3 

6270 

73.0 

63.5 

74.3 

74.7 

70.0 

98.3 

7000 

82.5 

72.0 

78.5 

67.5 

72.5 

95.0 

7500 

83.3 

77.5 

64.8 

77.5 

64.7 

89.  7 

8000 

77.2 

80.0 

61.0 

70.0 

61.0 

95.0 

8500 

77.7 

76. 

71.5 

71.5 

66.0 

96.8 

9000 

77.7 

75.2 

70.5 

71.0 

70.0 

93.6 

10000 

59.8 

76.0 

^75.3 

60.0 

61.0 

96.0 

(1)  Drive  force  wee  3.165  lb 

(2)  Reference  veluea  depend 

2  (5.8  x  10'5g),  3(5.7  x 

(3)  Accelerometer  pocittone 

p-p. 

on  accelerometer  senaltlvltea  end  vere  ea 

10'5g),  4(5-2  x  ltl'5g) ,  5(5.2  x  10'5g), 
are  identified  on  Figure  47. 

f  ol  loue : 

6(4.9  x  I0'5g) 
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1  2 


50.0 

49.5 

50.  S 

49.7 

50.5 

49.2 

50.9 

49.5 

50. 6 

49.5 

49.5 

49.5 

50.5 

40.5 

51.0 

49.7 

50.2 

49.8 

55.9 

51.5 

55.9 

49.7 

55. S 

50.0 

53.0 

52.6 

57.0 

50.0 

58.5 

51.8 

58.7 

52.0 

57.0 

52.0 

58.0 

60.7 

81.8 

75.0 

81.3 

32.0 

78.0 

82.5 

77.0 

74.2 

76.5 

78.3 

66.3 

79.7 

73.0 

78.7 

80.6 

76.0 

73.3 

68.5 

61.0 

60.5 

55.6 

65.0 

66.8 

70.8 

63.8 

65.3 

58.5 

66.4 

73.9 

79.7 

70.1 

73.5 

67.3 

72.5 

61.0 

65.5 

63.5 

77.8 

80.0 

64.2 

Knmoii<3) 


3  4 


49.4 

50.3 

52.0 

54.3 

49.5 

.49.3 

50.0 

49.5 

49.7 

49.8 

49.5 

49.3 

52.3 

33.0 

55.0 

53.2 

49.8 

59.0 

55.8 

33.3 

54.8 

32.0 

51.5 

51.0 

51.0 

50.3 

50.0 

52.7 

49.8 

50.0 

49.3 

52.0 

32.0 

34.2 

39.3 

60.3 

77.3 

77.0 

82.6 

80.4 

84.0 

73.7 

71.7 

67.5 

83.2 

74.0 

79.3 

70.0 

75.0 

70.0 

75.7 

67.2 

59.5 

39.5 

77.7 

78.8 

64.7 

60.2 

62.0 

71.2 

77.0 

70.4 

74.8 

66.2 

68.4 

76.0 

72.4 

73.2 

70.7 

64.3 

38.6 

73.5 

73.8 

60.2 

82.0 

83.2 

3 

6 

49  ' 

31.7 

49.3 

36.0 

49.5 

38.0 

50.0 

72.0 

30.8 

70.0 

50.0 

63.0 

49.4 

64.7 

50.0 

64.7 

50.0 

64.0 

30.0 

73.3 

50.0 

30.0 

49.3 

63.5 

51.0 

61.3 

49.5 

69.4 

50.7 

61.0 

31.4 

63.3 

50.7 

65.2 

60.0 

87.0 

75.5 

103.7 

79.8 

103.0 

81.5 

106.5 

79.0 

98.0 

87.3 

91.0 

81.5 

95.0 

92.0 

91.2 

78.7 

86.0 

57.0 

93.8 

57.0 

88.3 

51.0 

86.0 

56.4 

88.8 

63.2 

93.0 

60.0 

95.7 

72.0 

96.4 

63.7 

96.4 

61.0 

82.7 

50.0 

87.4 

51.5 

88.0 

80.7 

83.4 

Figure  48.  Gearbox  Hoi 
Accelerome 
Measuremen 
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APPENDIX  III 


GEAR  MEASUREMENTS 


GENERAL  METHODS  OF  GEAR  INSPECTION 


The  techniques  that  have  been  used  to  inspect  gears  for  conmercial  purposes 
fall  into  two  classes:  analytical  and  composite.  These  techniques  have 
been  developed  as  a  result  of  the  needs  of  Industry.  Virtually  all  gears 
In  commerce  are  bought  and  sold  on  the  basis  of  their  quality  as  well  as 
their  geometric  and  metallurgical  features.  Gear  inspection  techniques 
have  evolved  as  a  simple  means  of  assuring  that  contractual  obligations 
pertaining  to  the  quality  of  the  gear  manufacturer  have  been  met.  As  a 
suit,  the  more  conventional  "analytical"  Inspection  techniques  measure 
specific  geometric  features  of  gear  teeth  by  methods  that  are  both 
reasonably  accurate  and  convenient.  jwever,  these  measurements  do  not 
necessarily  reflect  the  degree  to  which  the  individual  features  of  the 
teeth  contribute  to  noise  or  vibration. 


re- 


A  large  number  of  gears  are  evaluated  commercially  <-n  the  basis  of  a  com¬ 
posite  test.  This  test  is  one  in  which  the  gear  to  be  evaluated  is  run 
very  slowly  in  tight  mesh  with  a  "master"  gear  on  a  gear  rolling  checker. 
This  machine  holds  the  gears  together  under  spring  tension  and  displays 
or  charts  variations  in  tight  mesh  center  distance  as  the  gear  under  in¬ 
spection  is  turned  through  one  revolution.  This  method  of  Inspection 


evaluates  certain  geometric  features  of  the  teeth  as  they  are  "seen"  by 


another  gear.  Since  the  teeth  must  be  in  tight  (no  backlash)  mesh  and 
since  the  measurement  of  errors  is  made  radially  or  at  right  angles  to  the 
path  along  which  the  teeth  drive,  this  method  also  does  not  evaluate 
geometric  errors  directly  in  terms  of  their  dynamic  characteristics. 


A  new  Innovation  in  gear  measurement  has  been  Introduced  by  Buckingham 
Associates  of  Springfield,  Vermont.  This  method  of  measurement  is  still  a 
laboratory  techrique.  It  is  not  in  general  industrial  use.  It  does,  how¬ 
ever,  measure  tie  running  qualities  of  the  gears  under  inspection.  Of  all 
the  gear  measuring  techniques  available,  this  technique  comes  closest  to 
providing  data  on  gear  quality  that  are  applicable  to  the  evaluation  of  the 
noise  or  vibration  levels  that  will  be  produced  by  a  gear  after  it  is 
assembled. 


A  shortcoming  in  common  with  all  composite  inspection  techniques,  however, 
is  the  lack  of  means  of  applying  the  design  load  to  the  gear  while  being 
measurea.  In  many  high-quality  gear  designs,  a  feature  leading  to  the 
success  of  the  unit  is  profile  modification.  The  tip,  and  in  some  cases 
the  flank  of  the  tooth  near  the  root,  is  modified  away  from  an  exact 
Involute  curve.  Since  the  teeth  will  deflect  under  load,  the  modification 
is  intended  to  be  such  that  when  the  teech  are  loaded,  the  portion  of  the 
teeth  contacted  by  the  mating  gear  will  appear  to  the  mating  gear  to  be 
involute.  Under  light  or  nr.  load  conditions,  the  teeth  with  such  modifi¬ 
cation  will  not  run  in  the  same  way  as  when  deflected  under  load.  Thus,  a 
composite- type  check  of  relatively  accurate  gears  designed  for  heavy  loads 
is  not  an  adequate  indicator  of  full  load  performance. 
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GEAR  ERRORS  AND  ANALYTICAL  MEASUREMENT  TECHNIQUES 

The  analytical  characteristics  most  commonly  measured  are  the  following: 

1.  Runout  (also:  Out -of- Roundness) 

2.  Pitch  (also:  Tooth  Spacing) 

3.  Profile 

4.  Lead 

All  of  these  are  associated  with  the  active  profile  of  gear  teeth.  By  the 
active  profile  is  meant  that  portion  of  the  tooth  surface  that  makes  actual 
contact  with  the  active  profile  of  the  mating  tooth  during  some  portion  of 
the  meshing  cycle.  The  active  profile  is  bounded  lengthwise  by  the  end 
rounds  of  the  tooth,  if  such  are  present,  or  by  the  faces  of  the  gear  blank. 
Its  inner  boundary  is  the  minor  form  diameter,  and  its  outer  boundary  is 
either  the  outa5.de  diameter  of  the  blank  or  the  beginning  of  the  tip  round. 

Runout 


In  an  ideal  gear,  the  teeth  are  assumed  to  be  located  on  the  surface  of  a 
perfect  cylinder,  itself  rotating  about  its  true  axis.  The  runout  is  the 
departure  fron  this  ideal  geometry.  Each  of  the  measurement  techniques 
used  has  its  own  way  of  finding  or  expressing  this  departure.  The  inter¬ 
pretation  of  the  inspection  data  is  generally  an  attempt  to  account  for  the 
errors  in  terms  of  the  gear  cutting  process.  This  approach  is  acceptable 
since  most  gear  Inspectors  are  familiar  with  gear  manufacturing  techniques, 
and  since  inspection  is  concerned  with  controlling  the  process  as  well  as 
the  product.  The  drawback  of  this  approach,  however,  is  that  it  becomes 
very  difficult  to  obtain  measurements  from  gear  inspections  tl.it  can  be 
used  to  predict  the  kinematic  qualities  of  the  gears. 

Typical  measuring  techniques  for  runout  are 

1.  Over  wires  measurement  -  A  pin  is  placed  in  successive  tooth 
spaces  of  a  gear  mounted  on  bench  centers  and  free  to  turn. 

A  dial  indicator  is  placed  over  the  pin  so  as  to  make  radial 
readings.  Variations  in  tooth  space  widths  will  allow  the  pin 

to  lie  at  different  radii  relative  to  the  axis  of  rotation.  This 
test  compares  the  widths  of  successive  tooth  spaces  as  defined  by 
a  chordal  dimension  on  a  measuring  pin  which  is  essentially  con¬ 
stant. 

2.  Span  measurements  -  A  pair  of  fingers  having  parallel  cylinders 
or  balls  at  their  tips  may  be  used  to  contact  the  driving  and 
coast  sides  of  the  gears.  These  fingers  are  preset  at  a  specific 
separation.  The  fingers  can  contact  both  sides  of  either  one 
tooth  space  or  one  tooth  at  a  rime.  The  fingers  are  driven  into 
the  tooth  space  radially,  and  the  variations  in  depth  where  they 
contact  the  active  profiles  are  recorded. 
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Pitch 


Pitch  is  the  distance  between  corresponding  points  on  adjacent  teeth. 
Errors  in  pitch  are  measures  of  the  inconsistency  of  these  distances  and 
are  expressed  in  several  different  ways. 

1.  Pitch  error,  also  known  as  tooth-to-tooth  spacing  error,  is  the 
maximum  difference  in  the  arc  (or  the  chordal  distance)  from  a 
point  on  one  tooth  profile  to  a  corresponding  point  on  an  adja¬ 
cent  profile.  Usually  the  measurements  are  taken  at  or  near  the 
standard  pitch  circle,  although  there  are  some  occasions  wherein 
the  measurement  is  taken  along  the  line  of  action. 

2.  Pitch  range,  also  known  as  total  error,  is  the  difference  between 
the  minimum  and  the  maximum  pitch  error  noted  in  an  entire  gear. 

3.  Index  error,  sometimes  called  accumulated  spacing,  is  the  largest 
angular  error  between  any  two  teeth  on  a  gear. 

Profile 


In  spur  and  helical  gears  of  involute  tooth  form,  the  profile  measurement 
is  made  in  the  plane  of  rotation  to  determine  how  closely  the  active  pro¬ 
file  measured  from  root  to  tip  corresponds  to  the  theoretical  or  specified 
profile.  To  measure  profile,  special  gear  tooth  measuring  machines  are  re¬ 
quired.  Host  of  these  operate  on  the  principle  of  generating  a  theoretical 
Involute  curve  of  the  correct  base  diameter  and  of  using  this  to  tram  an 
indicator  or  stylus  along  the  active  profile.  Involute  errors  are  the  de¬ 
partures  from  the  theoretical  curve  measured  normal  to  the  gear  tooth  sur¬ 
face. 

There  is  no  practical  way  in  which  to  measure  the  profiles  of  bevel  gears. 
These  profiles  vary  continuously  from  the  inner  (toe)  end  of  the  tooth  to 
the  large  outer  (heel)  end.  Moreover,  the  profiles  of  bevel  gears  are  not 
involute.  They  may  be  of  any  of  a  large  number  of  profiler.  Bevel  gear 
profile  is  generally  checked  by  tooth  bearing  pattern  checks.  These  give 
only  a  qualitative  indication. 

Lead 

Gear  teeth  have  length,  and  in  order  to  carry  load  and  to  mesh  smoothly, 
the  contacting  sui faces  must  be  parallel.  In  the  case  of  spur  gear  teeth, 
the  elements  of  the  contacting  faces  must  be  parallel  to  the  axis  of  rota¬ 
tion.  In  helical  gears,  the  elements  must  make  a  constant  angle  at  any 
given  diameter  with  the  plane  of  rotation.  Any  departure  from  the  correct 
angle  between  the  tooth  elements  and  the  plane  of  rotation  is  called  a 
lead  error. 

Lead  is  measured  by  moving  an  indicator  or  recording  stylus  along  the 
length  of  the  tooth  on  a  theoretically  correct  path  and  by  recording  the 
surface  departures  from  this  path.  Spur  gears  are  measured  on  equipment 
that  is  little  more  than  bench  centers.  Helical  gears  require  a 
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specialized  inspection  machine  that  can  move  the  stylus  along  a  very  pre¬ 
cise  helix. 

Lead  is  usually  checked  on  or  near  a  pitch  line  element  of  the  tooth.  It 
should  be  checked  from  one  face  of  the  gear  blank  to  the  other.  A  small 
allowance  is  often  made  for  the  effects  of  edge  round  on  the  teeth. 

There  is  no  convenient  method  of  measuring  the  equivalent  of  "lead"  in 
spiral  bevel  gears.  This  characteristic  of  the  gear  is  measured  in  the 
same  bearing  pattern  check  mentioned  in  connection  with  bevel  gear  pro¬ 
files.  As  with  the  profile,  this  technique  does  not  yield  numerical  re¬ 
sults. 

COMPOSITE  MEASURING  TECHNIQUES 


The  most  comnon  composite  measuring  technique  is  the  gear  rolling  check. 

In  this  technique,  the  gear  to  be  inspected  is  held  by  spring  force  in 
tight  mesh  (double  flank)  contact  with  a  master  gear  on  a  gear  rolling 
fixture.  The  gear  rolling  fixture  supports  the  axes  of  the  gears  in  mesh 
such  that  they  remain  parallel  (for  spur  and  helical  gears)  while  one  axis 
la  free  to  move  closer  or  farther  from  the  other.  A  dial  indicator  or  a 
recording  system  makes  observable  the  motion  of  the  movable  shaft  axis 
while  the  gear  being  Inspected  is  rotated  through  one  complete  revolution. 
This  device  is  shown  schematically  in  Figure  49.  As  the  work  gear  is 
slowly  turned,  changes  in  the  thickness  of  the  teeth  going  through  mesh 
cause  changes  in  center  distance.  The  features  of  the  gear  teeth  that  can 
be  sensed  by  the  mating  master  gear  and  that  can  be  translated  into  varia¬ 
tions  in  center  distance  are  presented  in  composite  form,  as  in  the  exam¬ 
ple  shown  in  Figure  50.  Three  elements  of  the  composite  form  are  used  as 
measures  of  quality. 

1.  Tooth- to- tooth  action  -  composite  error  -  As  an  individual  tooth 
goes  through  mesh,  any  departures  from  a  perfect  lead,  profile, 
or  spacing  tend  to  appear  to  the  master  gear  to  be  a  change  in 
perfect  tooth  thickness.  Thus,  a  small  change  in  the  center 
distance  occurs  to  accommodate  these  imperfections.  The  chart 
shows  small  wiggles  resulting  from  -he  tooth-to-tooth  errors 
going  through  mesh.  The  "maximum"  tooth-to-tooth  composite  error 
is  the  largest  difference  found  in  the  peak- to-val ley  readings 
over  any  length  of  chart  equal  to  360  degrees /number  of  teeth  in 
gear. 

2.  Runout  and  out-of -round  -  As  the  gear  is  rotated  through  a  full 
revolution,  all  departures  from  perfect  concentricity,  or  out-of- 
roundness,  will  be  charted.  These  two  features  can  be  seen  by 
smoothing  out  the  tooth-to-tooth  action  wiggles,  Runout  will  ap¬ 
pear  as  a  single  sine  weve  in  the  interval  of  one  revolution. 
Out-of-roundm-  ib  will  appear  as  superimposed  distortions  in  the 
sine  wave  or  as  independent  variations,  if  there,  is  little  or  no 
runout . 

3.  Total  composite  error  -  The  extremes  in  variation  of  center 
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Figure  49.  Schematic  Diagram  of  a  Gear  Rolling  Fixture. 


Figure  50.  Chart  of  Gear  Tooth  Errors  of  a  Typical  Gear  When 
Run  With  a  Master  Gear  on  a  Gear  Rolling  Fixture. 


distance  that  appear  as  a  combination  of  the  tooth- to- tooth  com¬ 
posite  error  and  the  runout  establish  the  total  composite  error 
for  the  gear. 

The  actual  "size"  of  the  gear  (large  or  small)  is  shown  by  the  relative 
position  of  the  total  composite  error  trace  on  the  chart.  When  it  is  de¬ 
sirable  to  establish  limits  to  tooth  or  gear  size,  this  can  be  done  by 
means  of  allowable  limits  on  acceptable  center  distance  variation  in  the 
gear  testing  fixture.  These  limits  are  shown  in  Figure  50  as  a  "Maximum  t 

Setup  Center  Distance"  and  a  "Minimum  Setup  Center  Distance". 

It  should  be  emphasized  that  although  gear  errors  are  measured  as  "seen" 
by  a  perfect  mating  gear  (a  master  gear),  this  method  of  testing  does  not 
directly  measure  the  kinetic  effect  of  the  errors  on  gears  in  action. 

First,  all  measurements  are  made  normal  to  the  pitch  surfaces.  This  is 
about  a  right  angle  to  the  direction  that  the  kinetic  errors  will  act. 

Secondly,  the  method  involves  a  double  flank  contact.  The  master  gear 
teeth  detect  errors  on  both  sides  of  a  gear  tooth  simultaneously.  As  a  re¬ 
sult,  errors  on  the  non-driving  side  (coast  side)  of  the  teeth  have  an  un¬ 
due  influence  on  the  readings. 

A  second  composite  measuring  technique  is  the  gear  cardiograph  check. 

This  is  a  recent  development  in  the  field  of  composite  checking.  At  the 
present  time,  this  equipment  is  being  used  primarily  to  evaluate  the 
meshing  quality  of  gears  on  a  laboratory  basis  rather  than  as  a  means  of 
production  inspection.  As  yet,  it  is  not  in  general  use  in  the  gear 
industry. 

The  cardiograph  measures  the  angular  displacement  of  a  work  gear  relative 
to  its  theoretical  position  as  it  is  driven  by  a  perfect  (almost)  rack. 

Any  errors  on  the  gear  tee-h  <n  the  plane  of  measurement  tend  to  displace 
the  work  gear  behind  or  ahead  of  where  it  Bhould  be  at  that  specific 
instant.  These  errors  are  then  recorded  in  chart  form,  which  is  a  plot  of 
displacement  versus  angular  position  of  the  gear. 

Figure  51  shows  the  gear  cardiograph  manufactured  by  the  Dover  Instrument 
Corporation.  The  basic  measuring  element  of  the  cardiograph  is  a  worm 
having  an  Involute  helicoid.  Such  a  worm  will  mesh  with  a  spur  gear  or  a 
helical  gear  with  a  straight  line  contact  (line  of  action).  The  master 
worm  of  the  cardiograph  is  made  to  an  extreme  degree  of  precision.  A 
master  worm  is  used  in  place  of  a  master  gear,  since  the  worm  can  be  made  e 

to  a  somewhat  higher  degree  of  accuracy  then  can  a  conventional  master  gear 
with  a  similar  expenditure  of  effort.  The  meshing  contact  between  an  in¬ 
volute  helicoid  and  the  work  gear  is  the  same  as  the  contact  between  a 
rack  and  the  work  gear.  The  worm  is  driven  by  a  synchronous  motor  through 
a  highly  precise  change  gear  train.  » 

The  Instantaneous  angular  position  of  the  work  gear  is  measured  electroni- 
cally  by  light  passing  through  a  16, 000- line  optical  disk  which  is  mounted 
on  the  work  spindle.  This  spindle  is  supported  by  an  air  bearing;  thus, 
the  effects  of  stick-slip  which  would  mask  small  errors  are  minimized. 
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Figure  51.  Gear  Cardiograph 
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Figure  52.  Portion  of  a  Sample  Cardiogram 
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The  cardiograph  does  not  segregate  errors  as  is  done  by  analytical  checks. 

The  cardiograms  show  concentricity  of  the  gear  as  a  basic  sine  wave.  The 
spacing  errors  appear  as  a  series  of  plateaus,  one  for  each  gear  tooth, 
whose  height  is  a  function  of  both  the  individual  spacing  and  the  effects  c 

of  out-of-position  produced  by  concentricity.  Figure  52  shows  a  portion  of 
a  sample  cardiogram  and  contains  identification  of  some  of  the  errors  it 
reveals.  Since  the  cardiograph  measures  along  the  line  of  action  and  de¬ 
tects  all  errors  in  a  plane  of  rotation  (this  would  exclude  effects  in 
variations  in  lead),  it  is  the  best  index  of  manufacturing  error  contribu-  « 

fion  to  operational  noise. 

INSPECTION  OF  UH-1D  TRANSMISSION  GEARING 

The  gears  inspected  included  two  of  each  of  the  main  drive  gears:  input 
stage  spiral  bevel  pinion  and  gear,  lower  planetary  stage  sun  gear,  upper 
planetary  sun  gear,  planet  gear  common  to  both  planetary  stages,  and  com¬ 
bined  ring  gear  for  the  two  planetary  stages.  Because  working-quality 
gears  could  not  be  released  from  Government  inventories,  these  gears  were 
selected  from  rejected  production  parts  but,  were  insofar  as  possible,  of 
representative,  acceptable  quality  in  those  features  which  related  to  the 
measurements  planned. 

The  types  of  measurements  made  were  those  judged  to  be  most  commonly  used 
to  control  gear  quality  and  most  commonly  associated  with  noise  generation. 

They  Included  measurement  of  tooth  spacing  errors  and  runout  on  all  gears, 
tooth  profile  on  all  external  spur  gears,  and  composite  gear  errors  on  all 
external  spur  gears. 

The  measurements  of  tooth  spacing,  runout,  and  profile  were  performed  on 
the  Hofler  Gear  Measuring  Machine.  Figures  53  through  60  show  some  of  the 
gears  ir.  the  process  of  being  measured  on  the  Hofler  Machine.  This  machine 
was  selected  because  of  its  inherent  accuracy  and  because  its  inspection 
process  is  fully  automatic.  This  latter  feature  is  valuable  in  restric¬ 
ting  human  error.  Measurements  were  made  by  the  machine  manufacturer  at 
his  plant  in  Ettllngen,  Germany.  This  arrangement  was  chosen  in  preference 
to  the  use  of  a  machine  in  the  United  States  in  order  to  take  advantage  of 
the  manufacturer's  thorough  familiarity  with  his  machine  and  its  use. 

The  composite  gear  measurements  were  performed  on  the  gear  cardiograph 
manufactured  by  the  Dover  Instrument  Corporation  of  Waltham,  Massachusetts. 

The  measurements  were  made  by  Buckingham  Associates,  Inc.,  of  Springfield,  v 

Vermont.  Figure  61  shows  one  of  the  gears  in  the  process  of  being  measured 
on  the  gear  cardiograph. 

Typical  measurements  in  the  form  of  charts  from  each  of  the  four  inspection 
processes  are  given  in  Figures  62  through  65.  The  illustrations  and  the  ^ 

above  Information  on  the  type  of  measurement,  the  equipment  used,  and  the 
gears  measured  are  summarized  in  Table  XXXII. 
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ement  of  Tooth  Spacing  on  the  Input  Stage 
Bevel  Gear  Performed  by  the  Hofler  Gear 
ing  Machine. 


Measurement  of  Profile  on  the  Lower  Stage  Planetary 
Sun  Gear  Performed  by  the  Hofler  Gear  Measuring 
Machine . 
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Figure  60.  Measurement  of  Profile  on  the  Planet  Gear  Performed 
by  the  Hofler  Gear  Measuring  Machine. 
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Figure  64.  Profile  Measurement  of  the  Lower  Planetary  Stage 
Sun  Gear  as  Measured  on  the  Hofler  Gear  Measuring 
Machine . 
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Portion  of  the  Composite  Gear  Measurement  of  the  Lower 
Stage  Sun  Gear  as  Measured  on  the  Gear  Cardiograph. 


APPENDIX  IV 


GEAR  EXCITATION  ANALYSIS 

INTRODUCTION 

One  of  the  desired  characteristics  of  the  ideal  set  of  gears  is  the  trans¬ 
fer  of  motion  with  an  absolutely  constant  speed  ratio.  As  each  pair  of 
teeth  goes  into  and  out  of  engagement ,  the  rotation  of  the  driven  gear  will 
follow  exactly  the  me  tion  of  the  driving  gear  without  any  instantaneous 
changes  or  errors.  In  order  to  achieve  this  ideal  transfer,  or  conjugate 
action  as  it  is  known,  the  shape  of  the  gear  teeth  is  designed  to  match  a 
mathematical  curve  which  is  consistent  with  the  requirement.  In  the  case 
of  helicopter  transmission  gearing,  as  in  most  other  gearing  in  general 
use,  the  mathematical  curve  used  is  the  involute  of  the  circle.  However, 
despite  the  use  of  the  proper  mathematical  model,  actual  gears  do  not  give 
this  perfect  motion.  The  departure  from  the  ideal  is  due  to  various 
causes.  The  two  most  significant  are  the  nonuniform  deflection  of  the  gear 
teeth  and  the  manufacturing  errors  in  the  shape  or  spacing  of  the  gear 
teeth.  These  effects  combine  to  introduce  instantaneous  changes  or  irreg- 
ularities  in  the  transferred  motion.  In  some  gearing  applications,  the  de- 
v^-^bion  from  pure  conjugate  action  is  undesirable  simply  as  a  motion  error. 
In  helicopter  gearing,  the  irregularity  of  motion  becomes  one  of  the  major 
sources  of  excitation  of  vibration  in  the  drive  system,  especially  of  the 
vibration  associated  with  noise  production. 

The  purpose  of  this  analysis  is  to  make  an  evaluation  of  these  motion  ir¬ 
regularities  as  deviations  from  purr  conjugate  action  as  a  pair  of  loaded 
spur  gears  goes  into  and  out  of  engagement.  It  is  intended  that  the 
analysis  will  use  only  conventional  gear  design  data  and  conventional  gear 
measurement  data  and  that  the  final  results  will  be  in  a  form  suitable  for 
introduction  as  excitation  values  in  any  subsequent  vibration  analysis. 

In  the  course  of  fulfilling  this  purpose,  the  analysis  also  provides  other 
useful  information  about  the  gear  action.  Along  with  the  point-by-point 
values  of  the  difference  in  motion  between  driving  and  driven  gears  are 
found  the  point-by-point  values  of  the  load  transmitted  by  each  pair  of 
teeth  in  engagement.  A  plot  of  these  values  portrays  the  load  transfer  as 
one  pair  of  teeth  is  at  first  joined  and  then  replaced  by  the  following 
pair.  Another  u. , ,  -tcome  of  the  analysis  is  the  deflection  data  needed 
to  compute  mean  'ooth  stiffness. 

LIMITATIONS  AND  >3 1 ^  P  rI0a3 

The  limitations  of  design  and  operation  and  the  major  assumptions  on  which 
the  analysis  is  based  are  listed  be  1 tw .  er  assumptions  are  given  later 

in  the  section  deilirg  with  the  derivations  of  formulas. 

1.  Only  spu  gears  are  treated,  and  those  are  treated  only  in  the 

two  case;  of 

a.  an  external  gear  driving  an  t  'ernal  gear  and 
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b.  an  external  gear  oriving  an  internal  gear. 

Straight  bevel  gears  may  be  treated  in  an  approximate  manner  by 
replacing  them  with  equivalent  spur  gears  by  Tregold's  Approxi¬ 
mation. 

2.  The  working  portions  of  the  tooth  protiles  are  essentially 
involute.  Design  and  manufacturing  profile  deviations  are  small 
enough  so  as  not  to  affect  load  location,  load  direction,  or  tooth 
stiffness. 

3.  There  is  no  tip  interference,  either  due  to  excessive  addendum 
length  or  due  to  tooth  deflection  under  load. 

4.  The  spur  gear  centers  are  at  a  fixed  spacing,  or  at  a  spacing  that 
stays  constant  under  constant  load. 

5.  In  any  single  interval  between  the  pitch  points  of  two  successive 
pairs  of  teeth,  contact  and  load  carrying  are  limited  to  the  two 
successive  pairs  of  teeth.  In  the  same  interval,  there  must  be  at 
all  times  at  least  one  pair  of  teeth  in  contact  and  carrying  load. 
This  prevents  consideration  of  cases  where  the  contact  ratio  is 
less  than  one  or  more  than  two;  it  may  in  some  unusual  designs 
also  eliminate  cases  where  the  contact  ratio  has  certain  inter¬ 
mediate  values. 

6.  The  load  is  assumed  to  be  transmitted  uniformly  across  the  face  of 
the  gear  except  for  normal  end  effects  in  stress  distribution. 

This  excludes  any  consideration  of  face  crowning,  lead  modifi¬ 
cation,  lead  manufacturing  error,  gear  windup,  or  nonuniform  de¬ 
flection  of  gear  supports. 

7.  The  total  load  transmitted  is  constant  in  magnitude  and  direction. 
This  signifies,  that  there  is  no  consideration  of  secondary  effects 
of  dynamic  tooth  forces  developed  as  a  result  of  the  gear  excita¬ 
tion.  This  also  signifies  that  the  possible  effects  of  tooth 
sliding  friction  are  not  considered. 

8.  All  variations  in  tooth  deflection  as  the  load  point  moves  along 
the  tooth  profile  either  are  confined  to  elastic  effects  on  the 
tooth  alone  or  can  be  supplied  as  point-by-point  compliances  as 
part  of  the  input  data.  This  means  that  variations  such  as  might 
result  from  the  deflection  of  thin  rims  are  not  calculated  by  the 
analysis;  however,  if  supplied,  they  will  be  given  proper  con¬ 
sideration. 

9.  Any  lubricant  film  separating  the  pair  of  mating  teeth  is  assumed 
to  have  a  constant  thickness  which  is  independent  of  the  magnitude 
or  the  location  of  the  transmitted  load.  The  contact  deformation 
is  assumed  to  be  independent  of  the  lubricating  film. 

10.  The  measured  tooth  profiles  for  each  set  of  two  adjacent  teeth  on 
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the  same  gear  are  assumed  to  be  identical. 

DESCRIPTION  OF  ANALYSIS 

t  The  analysis  contains  five  phases.  The  specific  equations  used  and  their 

origin  or  derivation  are  given  separately  in  the  next  section. 

The  first  phase  determines  the  engagement  conditions  for  any  single  pair  of 
teeth.  It  starts  with  the  basic  design  information  for  the  set  of  gears 

*  under  study,  the  kind  of  information  which  normally  appears  on  the  individ¬ 

ual  gear  drawings.  These  data  include  the  operating  pressure  angle  and, 
for  each  of  the  gears,  the  number  of  teeth  and  the  following  radii:  pitch 
circle,  outside  (or  Inside  on  a  ring  gear),  base  circle,  root  circle,  and 
T.I.F.  (i.e.,  radius  to  beginning  of  tha  Involute  profile).  By  using  this 
Information,  the  angles  of  approach  and  recess  for  each  of  the  gears  are 
calculated.  By  using  a  similar  calculation,  the  rotation  angles  which  are 
related  to  two  points  on  the  Involute  profile,  at  the  root  radius  (for  the 
extended  involute)  and  at  the  T.I.F.  radius,  are  found.  Next,  tha  angular 
spacing  between  adjacent  gear  teeth  on  each  gear  is  divided  into  a  con¬ 
venient  odd  number  of  equal  intervals,  using  the  radial  line  through  the 
pitch  point  as  the  zero  reference.  By  comparing  the  values  of  angles  *\ssc- 
clated  with  each  of  these  subdivisions  to  the  angles  of  approach  and  recess, 
the  analysis  determines  whether  the  condition  of  engagement  is  present  at 
that  particular  subdivision  or  calculation  point.  With  the  proper  matching 
of  such  information  from  the  two  gears,  the  analysis  determines  whether  one 
or  two  pairs  of  teeth  will  be  in  simultaneous  engagement.  The  other  angles 
mentioned  above  are  also  compared  to  the  angles  of  approach  and  recess  to 
provide  some  checks  on  possible  errors  or  limitations  in  the  original  gear 
designs. 

The  second  phase  concerns  itself  with  calculating  the  coordinates  of  the 
involute  profile  or,  more  simply,  with  defining  the  point-by-point  dimen¬ 
sions  of  each  gear  tooth.  It  uses  the  data  supplied  or  computed  in  the 
first  phase  with  the  addition  of  the  fillet  radius  and  of  the  circular 
tooth  thickness  measured  along  the  pitch  circle.  This  additional  informa¬ 
tion  is  also  normally  specified  on  the  gear  drawing.  If  the  latter  is  not 
so  specified,  it  can  be  approximated  from  the  circular  pitch  and  backlash 
data.  For  each  of  the  gears,  the  calculation  process  considers  separately 
each  of  the  subdivision  angles  selected  in  phase  one  and  found  to  lie  with¬ 
in  the  angles  of  approach  and  recess.  Each  angular  position  is  then  asso¬ 
ciated  with  a  point  on  the  involute  profile.  The  direction  of  the  line  of 
action  (or  more  simply,  the  load  direction)  at  this  point  relative  to  the 
tooth  centerline  is  found.  The  calculation  goes  qn  Co  determine  the  co¬ 
ordinates  of  these  points  relative  to  the  same  centerline.  A  separate  cal¬ 
culation  is  used  to  find  the  coordinates  of  a  point  on  the  root  circle 
which  lies  halfway  between  the  tangent  point  of  the  fillet  radius  on  the 
root  circle  and  the  point  on  the  involute  extended  to  the  root  circle.  If 
the  root  circle  lies  within  the  base  circle,  the  limit  of  the  involute  pro¬ 
file,  the  extension  is  taken  as  the  radial  line  to  the  end  of  tht  involute. 
This  halfway  point  at  the  fillet  is  considered  as  the  end  of  the  effective 
thickness  of  the  tooth  at  its  point  of  support  on  the  gear  rim. 
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The  third  phase  is  devoted  to  calculating  the  unit  elastic  compliance  of 
the  gear  tooth  for  each  load  position.  In  addition  to  the  data  used  and 
developed  in  the  previous  phases,  this  phase  requires  the  face  widths  of 
the  gear  teeth,  the  load  transmitted  by  the  gears,  and  the  elastic  proper¬ 
ties  of  the  materials  from  which  the  gears  are  made.  These  Utter  include 
the  tensile  and  shear  moduli  of  elasticity  and  Poisson's  ratios.  The  four 
jajor  contributing  elastic  deformations  are  considered.  The  gear  tooth  is 
first  treated  as  a  wide,  uniformly  loaded  cantilever  in  bending.  Because 
of  its  stubby  proportions  and  tapering  outline,  this  cantilever  requires 
consideration  of  more  than  the  usual  factors.  The  applied  load  has  a 
transverse  component  which  acts  as  an  applied  concentrated  load  on  this 
cantilever.  The  axial  component  of  this  load,  because  it  is  eccentric  from 
the  tooth  centerline,  acts  to  apply  a  moment  to  the  cantilever  at  the  load 
point.  This  second  load  condition  tands  to  oppose  the  first,  and  it  is  the 
combination  of  the  two  which  establishes  the  cantilever  beam  component  of 
deflection.  The  tapered  outline  comes  into  consideration  in  connection 
with  the  rotation  of  the  transverse  section  at  the  load  point  which  accom¬ 
panies  the  beam  deflection.  This  rotation  shifts  a  greater  tooth  thickness 
over  to  the  fixed  point  of  load  application,  thus,  to  some  extent,  further 
offsetting  the  basic  cantilever  deflection.  The  nonuniform  crosssection  of 
the  beam  necessitates  a  summation  process  for  calculation  of  the  net 
bending  deflection.  The  gear  tooth  is  therefore  treated  as  a  composite  of 
uniform  "slices",  with  the  slice  lines  located  at  the  profile  calculation 
points  determined  in  the  previous  phase.  The  final  slice,  at  the  base  of 
the  tooth,  lies  between  the  profile  calculation  point  closest  to  the  root 
and  the  root  section  passing  through  the  fillet  halfway  point,  also 
determined  in  the  previous  phase. 

The  next  elastic  deformation  considered  is  that  due  to  shear  deflection  in 
the  gear  tooth  resulting  from  the  transverse  component  of  the  applied  load. 
Because  the  shear  deflection  takes  place  without  any  rotation  of  sections, 
there  is  no  shifting  of  greater  tooth  thickness  to  the  point  of  local  ap¬ 
plication.  In  calculating  the  shear  deflection,  the  same  slicing  into 
uniform  depth  sections  as  described  above  has  been  used. 

The  effect  of  the  axial  component  of  the  applied  force  in  compressing  the 
gear  tooth,  thus  adding  to  the  normal  displacement  at  the  load  point,  was 
found  to  be  small  in  comparison  to  the  other  deformation  and  was  therefore 
not  treated. 

The  tooth  as  a  cantilever  beam  undergoes  a  further  significant  deflection 
in  that  the  beam  as  a  rigid  member  rotates  against  the  supporting  restraint 
in  the  gear  rim.  The  calculation  of  this  deformation  assumes  that  the  rim 
is  sufficiently  thick  in  relation  to  tooth  thickness  to  justify  treatment 
as  a  semi- infinite  restraint.  This  calculation  requires  only  the  effective 
thickness  of  the  beam  at  its  support  and  the  net  cantilevered  moment  and 
therefore  is  independent  of  the  changing  tooth  outline.  Although  this 
foundation  rotation  is  accompanied  by  a  foundation  shear  deflection,  this 
latter  effect  was  small  enough  to  be  Ignored. 

The  final  contributing  elastic  deformation  is  that  due  to  the  contact  or 
Hertzian  deformation  at  the  load  point.  There  are  various  and  conflicting 
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methods  for  the  evaluation  of  this  deformation.  The  one  selected  for  this 
analysis  was  a  modification  of  an  empirical  relationship  developed  for 
roller  contact  deflection  in  roller  bearings.  This  relationship  had  two 
special  advantages.  It  was  in  part  based  on  deformation  in  the  case  of  a 
convex  surface  loaded  onto  a  .'oncave  surface,  which  is  true  in  the  case  of 
a  pinion  loaded  onto  a  ring  gear.  Also,  the  empirical  relationship  took 
into  account  the  kind  of  end  effects  present  in  the  load  distribution 
across  the  gear  face.  Since  the  contact  or  Hertzian  deformation  is  non¬ 
linear,  that  is,  it  is  dependent  on  load,  the  load  becomes  a  factor  in  this 
deformation  calculation.  At  this  stage  in  the  analysis,  the  actual  load 
sharing  which  might  be  taking  place  at  each  .alculation  point  has  still  not 
been  determined,  so  that  the  actual  load  vaLes  cannot  be  used.  Instead, 
this  deformation  calculation  uses  an  average  value  in  recognition  of  the 
fact  that  the  nonlinear  effect  is  quite  small  at  other  than  very  low  loads, 
and  that  any  error  resulting  from  this  approximation  will  have  little  ef¬ 
fect  on  the  total  deformation  calculated. 

The  four  components  of  deformation  are  summed  up  for  each  gear  design  into 
combined  unit  compliances  normal  to  the  gear  tooth  profiles. 

Tne  fourth  phase  of  the  analysis  determines  the  rotational  displacement  of 
the  driven  gear  body  relative  to  the  driving  gear  body  as  a  deviation  from 
pure  conjugate  action.  Besides  the  data  used  and  generated  in  prior  phases, 
the  calculation  makes  use  of  profile  data  giving  deviation  from  a  true 
involute,  known  compliance  of  the  structure  supporting  the  tooth,  and  also 
any  tooth  spacing  error  (all  of  these  for  each  of  the  two  gears).  The  pro¬ 
file  and  support  compliance  data  are  measured  along  the  line  of  action,  or 
normal  to  the  tooth  surface,  and  are  related  to  the  individual  calculation 
points  using  the  pitch  point  as  the  zero  reference.  It  is  assumed  that 
successive  teeth  on  the  same  gear  have  identical  profiles  and  support  com¬ 
pliance  conditions.  The  tooth  spacing  error  is  measured  between  pitch 
points  of  successive  teeth.  The  calculation  treats  separately  the  case 
where  only  one  pair  of  teeth  is  in  engagement  and  the  case  where  two  pairs 
are  in  engagement.  For  each  of  the  calculation  points  with  the  former 
case,  the  total  displacement  under  the  appli”'*  load  is  found  from  the  de¬ 
flection  corresponding  to  the  calculated  uni*  compliance,  as  combined  with 
profile  or  spacing  deviations.  For  the  calculation  points  at  which  two 
pairs  of  teeth  are  engaged,  load  sharing  is  determined  by  matching  the 
total  displacements,  deformations  plus  deviations.  The  indication  of  a 
negative  load  required  at  one  pa’r  in  order  to  achieve  this  matching,  means 
that  the  full  load  is  taken  at  the  other  pair  and  that  the  total  displace¬ 
ment  is  reevaluated  accordingly.  This  calculation  then  results  in  a  value 
of  total  displacement  at  each  calculation  point,  where  each  calculation 
point  corresponds  to  a  subdivision  of  the  rotational  angle  between  suc¬ 
cessive  teeth.  The  load  sharing  present  with  two-pair  engagement  also  re¬ 
sults.  These  results  are  changed  into  the  more  convenient  form  of  the 
values  as  measured  tangent  to  the  pitch  circle. 

The  fifth  and  final  phase  of  the  analysis  takes  the  displacement  values  of 
the  previous  phase  and,  considering  them  as  cyclic  ir.  nature,  finds  the 
Fourier  coefficients  of  sine  and  cosine  components  which  will  combine  to 
reproduce  the  cyclic  displacement  curve.  It  is  this  Fourier  calculation 
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which  imposed  the  condition  of  an  odd  number  of  subdivisions  in  the  tooth- 
to-tooth  rotational  angle.  Although  the  Fourier  calculation  will  provide 
coefficients  for  the  sinusoidal  functions  up  to  a  harmonic  number  equal  to 
the  n'-mber  of  data  points  or  subdivisions,  it  is  possible  to  limit  the 
printed  results  to  the  first  few  harmonics  which  will  be  of  special 
interest.  When  tooth  spacing  errors  have  been  introduced,  the  displace¬ 
ment  pattern  is  not  cyclic,  and  the  Fourier  analysis  should  not  be  used. 

The  computer  programming  of  this  analysis  was  so  prepared  that  the  results 
of  each  phase  are  provided  along  with  the  final  results.  This  permits  the 
use  of  the  analysis  to  find  any  of  the  intermediate  results  which  might  be 
useful  for  gear  design  and  study. 

DERIVATION  OF  ANALYTICAL  RELATIONSHIPS 

Analytical  relationships  for  four  of  the  five  phases  of  the  analysis  will 
be  presented.  These  are  the  phases  that  solve  for  the  following: 

1.  Engagement  conditions 

2.  Profile  coordinates 

3.  Elastic  compliance 

4.  Rotational  deviations 

The  final  phase,  which  solves  for  the  Fourier  coefficients  of  the  sinusoidal 
components  of  the  cyclic  rotational  deviations,  uses  the  standard  mathemat¬ 
ical  techniques.  This  requires  no  special  presentation. 

The  symbols  for  all  four  phases  are  given  in  one  list.  There  is  extensive 
use  of  subscripts  in  the  analysis.  These  are  listed  separately  with  expla¬ 
nations  about  how  they  restrict  the  major  symbol  to  welch  they  are 
attached.  The  final  section  of  the  list  contains  tus  major  symbols.  Some 
of  these  are  given  with  their  subscripts  and  the  cot ~es  ending  specific 
definition.  Other  majOT  symbols,  especially  those  whic ■*  appear  in  the 
text  with  various  combinations  of  subscripts,  are  listed  without  the  sub¬ 
scripts  and  are  defined  in  general  terms  only  Combining  tnese  defini¬ 
tions  witn  those  of  the  attached  subscript.,  will  give  the  specific  defini¬ 
tions. 


The  numerical  subscripts  identify  the  gear: 

1  driving  gear,  always  an  external  gear 

2  driven  gear,  either  an  external  or  an  internal  gear 

A  group  of  alphabetic  subscripts  identify  Taints  on  the  tooth  flank: 

A  point  at  which  ..he  mating  gear  cc^th  first  makes  contact, 
the  point  a*-  .he  beginning  of  r\o  "ap{.  oach"  action 

B  point  on  the  base  circle  n«.t  by  the  involute  curve  extended 

E  point  on  the  root  circle  halfway  between  points  M  and  F 

defined  below 


F  point  here  the  fillet  radius  is  tangent  to  the  root  circle 

G  point  where  the  fillet  radius  is  tangent  to  the  involute  profile 

I  point  on  the  inside  or  the  tip  diameter  on  internal  gears 

J  general  point  on  the  involute  portion  of  the  tooth  profile,  or 
on  the  involute  curve  extended  beyond  the  tooth  profile.  Thj.s 
designation  i3  related  to  rotational  positions  of  the  gear  or 
to  points  of  contact  with  the  mating  involute 

K  general  point  on  the  tooth  profile.  This  designation  is  used 
for  the  successive  segments  of  the  tooth  used  in  calculating 
its  elastic  properties. 

M  point  on  the  root  circle  and  the  involute  profile  extended, 
on  both  external  and  internal  gears 

0  point  on  the  outside  diameter  on  external  gears 

P  point  on  the  pitch  circle 

R  point  at  which  contact  is  last  made  with  the  mating  gear  tooth, 

that  is,  the  point  at  the  end  of  the  "recess"  action 

T  point  which  is  the  manufacturing  limit  of  the  involute  profile 
on  its  end  toward  the  root  circle 

Three  alphabetic  subscripts  identify  the  direction  of  forces  and  displace¬ 
ments  or  their  components: 

N  normal  to  the  involute  profile 

X  parallel  to  the  radial  centerline  of  the  tooth 

Y  perpendicular  to  the  radial  centerline  of  the  tooth 

A  pair  of  alphabetic  subscripts  identifies  the  pair  of  mating  teeth  when 
meshing  between  two  successive  pairs  is  under  consideration: 

C  first  pair 

D  second  pair 

Four  lower  case  alphabetic  subscripts  identify  the  mode  of  deformation 
under  consideration.  One  letter  is  also  accompanied  by  a  numerical  sub¬ 
script  which  identifies  the  loading  condition  with  which  the  deformation 
is  associated.  These  subscripts  arc  placed  outside  of  parentheses 
enclosing  the  major  symbol. 


a 


bending  of  the  tooth  as  a  canti leveled  beam 


a^  bending  as  a  cantilevered  beam  under  a  concentrated  load 

a 2  bending  as  a  cantilevered  beam  under  a  moirent  load 

b  shear  deformation  of  the  tooth  as  a  cantilevered  beam 

c  rotation  of  the  tooth  in  the  supporting  structure  at  its  base 

d  contact  or  Hertzian  deformation 


The  major  symbols  are  all  alphabetic.  Greek  letters  are  used  for  angles 
and  nondimensional  ratios.  Any  set  of  consistent  units  may  be  used  even 
though  the  program  uses  inches  and  pounds.  All  angles  are  in  radians.  The 
figure  numbers  after  some  of  the  definitions  identify  the  figures  in  which 
they  first  appear. 

A  area  of  the  indicated  cross  section  of  the  gear  tooth 

B  deflection  at  the  point  of  loading,  Figure  70 

E  modulus  of  elasticity  of  the  gear  material 

E  modjlus  adjusted  to  account  for  wide  teeth 
V 

F  face  width  of  the  gear  tooth 
G  shear  modulus  of  the  gear  material 

I  moment  of  inertia  of  the  indicated  cross  section  of  the  gear 
tooth 

mean  moment  of  inertia  of  the  cross-sectional  area  of  the  portion 
of  the  gear  tooth  between  points  K  and  K-l 

Ly  length  of  the  portion  of  the  gear  tooth  between  points  K  and 
K-l,  Figure  70 

N  number  of  teeth 

Nj  number  of  intervals  between  two  successive  teeth,  selected  to 
give  convenient  points  for  computational  purposes 

Q  compliance  of  the  tooth  surface  in  the  direction  of  load,  i.e., 
the  deflection  n  this  direction  per  unit  of  load 

R  radius  _o  point  indicated  by  subscript,  Figure  66 

R'  fillet  radius,  Figure  68 
r 

distance  between  the  cross  section  through  point  K  and  that 
through  point  J  at  which  the  load  is  applied,  Figure  70 
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T  circular  tooth  thickness  at  pitch  circle 

U  compliance  at  the  load  due  to  elasticity  outside  the  tooth,  or 
its  adjacent  supporting  material 

V  tooth  spacing  error  between  successive  pitch  points  but  adjusted 
to  a  line-of-action  error,  and  positive  when  the  second  to^th  is 
too  close  to  the  first,  Figure  72 

load  applied  normal  to  the  involute  tooth  profile,  Figure  70 

X,Y  abscissa  and  ordinate  of  points  on  the  involute  profile  when  the 
origin  is  the  center  of  the  gear  and  when  the  x-axis  is  che 
radial  centerline  of  the  tooth.  Figure  68 

Z  tooth  profile  error,  normal  to  the  true  involute  form  and 
positive  in  the  direction  of  excess  material,  Figure  72 

a  angle  of  rotation  of  the  gear  from  the  position  at  which  contact 

is  at  the  indicated  point  to  the  position  at  which  contact  is 

at  the  pitch  point,  Figure  66 

p  ratio  of  indicated  radius  to  base  circle  radius 

aA  angle  of  approach;  also  the  angle  a  for  the  point  of  initial 

contact  with  the  mating  gear,  Figure  66 

aR  angle  of  recess;  also  the  angle  a  for  the  point  of  final  contact 
with  the  mating  gear,  Figure  66 

Yj  angle  of  rotation  of  the  cross  section  of  the  tooth  at  the  point 
J  due  to  the  load  applied  at  J,  Figure 

e  deviation  in  angular  position  from  the  theoretical  of  the  driven 
gear  relative  to  the  driving  gear,  expressed  as  an  angle  on  the 
indicated  gear,  and  positive  when  the  driven  gear  is  leading 
the  theoretical  position 

9  angle  between  two  radial  lines:  the  centerline  of  the  tooth  and  a 
line  to  the  indicated  point  on  the  profile,  Figure  68 

V  Poisson's  ratio  for  the  gear  material 

$  angle  between  two  radial  lines:  a  line  to  the  indicated  point 

on  the  involute  curve  and  a  perpendicular  to  the  tangent  to  the 
base  circle  from  the  indicated  point  on  the  profile,  Figure  67 

$  pressure  angle;  also  the  angle  #  for  the  pitch  point  on  the 
involute,  Figure  66 

4/  angle  between  two  radial  lines:  the  centerline  of  the  tooth  and 
a  perpendicular  to  the  tangent  to  the  base  circle  from  the 
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indicated  point  on  the  profile,  Figure  67 
Engagement  Conditions 

Figure  66  shows  two  external  ge^rs  in  engagement.  The  points  of  contact  on 
the  profiles  as  the  teeth  move  through  engagement  fall  on  the  line  of 
action.  First  contact  is  at  A;  as  contact  moves  to  the  pitch  point  P,  the 
driving  gear  rotates  through  a^f  the  angle  of  approach.  The  special 
characteristic  of  the  involute  ;urve  is  that  the  distance  from  its  gener¬ 
ating  point  to  the  point  of  tangency  of  the  developing  line  on  the  base 
circle  is  the  same  whether  measured  along  this  line  or  along  the  base 
circle.  The  angle  of  approach  of  the  driving  gear  may  be  found  by  tracing 
the  relationships  between  the  arcs  and  line  segments.  The  minus  sign  has 
been  introduced  to  show  that  u  rotation  backwards  from  the  pitch-point 
contact  position  is  required. 


-bpl»ai 
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(V  A  '  V2P)  C2A1  ■  C2V2  '  C2v2  tan  *p 


„  -  -v  si 

A»'  ‘L  *Bi  J 
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Using  the  substitutions 


P°*  "  ^2 


Equation  (1)  becomes 


aAl  "  '  iij  ^P02  *  1  •  tan 


In  a  similar  manner,  the  angle  of  recess  for  the  driving  gear  may  be  found. 
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bribpi  brivi  -  BP1V1  =  Vi  -  pvi 
0:111  rbi  rbi  rbi 

-  eft  tan  Op 


R01  ~  rbi  '  rbi  tan 


\l  -  V  fR^)2  -  1  ‘  tan  *P 


Using  the  substitution 


01  R, 


Equation  (  5)  becomes 

“Rl  "  Vp0i2-  1  -  tan  *p  (  7) 

This  process  may  be  applied  to  other  points  on  the  involute  profile  or  the 
involute  curve  extended.  One  such  point  is  M^,  where  the  extended  involute 
Intersects  the  root  circle.  If  the  mating  tooth  were  long  enough,  contact 
could  theoretically  take  place  at  this  point.  The  rotation  of  the  gear 
from  the  position  of  contact  at  the  pitch  point  to  the  position  of  contact 
at  Mp  is  given  by  the  angle  a^.  The  same  procedure  for  finding  ql.  is 
used,  with  the  minus  sign  introduced  to  show  the  direction  of  rotation  from 
the  pitch-point  contact  position. 


=  ■  [vpMi  -  1  -  tan  *pj  <  8> 

In  a  similar  manner,  for  the  point  T^,  which  is  the  manufactured  starting 
point  of  the  involute  profile, 

On  "  ‘  IVpti2"  1  ‘  tan  *1]  (  9) 


Ojl  ■  ■  |vPT12"  1  -  tan  %|  (  9) 

Consideration  of  the  driven  gear  gives  a  similar  set  of  equations  by  simply 
replacing  the  subscript  2  for  1  and  vice  versa;  Equations  (4)  through 
(7)  lead  to  M  r  -» 


Ni 

'  *1  r 


1  -  tan 


p02  '  1  '  tan  *P 
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(12) 


3 


i 


°M2 


tan  ♦pi 


(13) 


These  relationships  may  be  used  to  check  one  of  the  features  of  the  design 
of  each  of  the  gears.  When  the  involute  portion  of  the  profile  extends 
far  enough  toward  the  root  to  permit  contact  with  the  tip  of  the  mt<ng 
tooth,  the  following  condition  will  be  met  (the  direction  of  the  in*. quality 
sign  recognizes  the  negative  values  for  the  angles): 


°A1  >  aTl 

(14) 

°A2  >  aT2 

(15) 

For  purposes  of  computational  convenience,  the  angle  between  successive 
teeth  on  the  same  gear  is  divided  into  N  equal  intervals.  The  angle  be¬ 
tween  teeth  is  equal  to  2it  divided  by  the  number  of  teeth,  and  the  angle  of 
each  subdivided  interval  is  2it/N  N  .  These  intervals  form  a  scale  which 
may  be  associated  w<  th  the  angle  through  which  the  gear  rotates  as  the 
point  of  contact  moves  along  the  involute  profile.  Starting  from  a  zero 
position  when  contact  is  at  the  pitch  point,  the  successive  values  of  J 
(positive  as  contact  moves  outward  on  the  involute  and  negative  as  it 
moves  inward)  iuontify  the  intervals  of  rotation  as  follows: 


.  .  .  2n 

!J1  “  JPN1NJ; 

,  =  j 

J2  2  n2Nj 


(16) 

(17) 


To  check  for  engagement  between  the  teeth  of  one  meshing  pair  at  any  rota¬ 
tional  position,  the  particular  value  of  or  a ^  n,ay  be  compared  to  the 
angles  of  rotation  which  limit  the  range  of  engagement.  Therefore,  engage¬ 
ment  is  possible  only  when 


°kl 


1  ajl  - 


a 


A1 


(18) 


Figure  67  shows  an  external  gear  driving  an  internal  gear.  The  identifi¬ 
cation  of  individual  points  is  similar  to  that  of  Figure  66.  except  where 
the  internal  gear  introduces  differences.  As  in  the  first  case,  the  point 
on  the  tooth  profile  of  the  driving  gear  at  which  contact  initiates  is  A^, 
and  the  last  point  is  A^.  The  angle  of  approach  is  found  in  an  almost 
identical  maimer.  Note  that  the  minus  is  again  introduced  to  show  that 
rotation  backwards  from  the  pitch-point  contact  position  is  required. 
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A1 


-bpibai  -(bpivi  •  baiV  -<pvi  -  AlV 
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Bl 
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Al 


-(V2P  -  v2ax) 
rbi 


C2V2tan%  C2A1  '  C2^ 


2 

LL 


Bl 


a 


Al 


RB2  tan4>P  '  ^12  ~  RB2 

rbi 


a 


Al. 


With  the  substitutions 


and 


Equation  (20)  becomes 


a 


Al 


N, 


R 


B2 


Bl 

R 


12 


12 

lB2 


tan  *p 


1 


(19) 

(20) 

(21) 

(22) 

(23) 


For  the  angle  of  recess,  the  procedure  is  identical  to  the  earlier  case. 
Referring  to  Figure  67,  the  derivation  preceding  Equation  (7)  may  be  re¬ 
peated.  Therefore,  for  the  case  of  the  driven  gear  as  the  internal  gear, 


°fel 


tan  $p 


(24) 


Equations  (8)  and  (9)  are  also 
case . 


°hl 


repeated  in  unchanged  form  for  this  second 


(  8) 

'  9) 


To  find  the  corresponding  angles  for  the  driven  internal  gears,  the  inter¬ 
change  of  subscripts  cannot  be  used.  In  the  case  of  the  angles  of  approach 
and  recess,  another  simplification  is  possible.  When  one  member  of  the 
mating  gears  is  internal,  the  actions  of  approach  and  recess  are  simulta¬ 
neous.  Therefore,  these  angles  for  the  driven  gear  are  the  same  as  for  the 
driving  gear  when  multiplied  by  the  gear  ratio.  These  angles  therefore 
become 


a 


A  2 


a 


Al 


(25) 
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(26) 


“R2 


n2  °kl 


When  these  are  combined  with  Equations  (23)  and  (24),  the  angles  for  the 
driven  internal  gear  become 


a 


A  2 


°fe2 


tan  $p  -  VpI2  -  1 


01 


1  -  tan 


P 


(27) 

(28) 


An  independent  derivation  is  given  for  the  angle  associated  with  point  M 
This  is  the  theoretical  point  where  the  involute  profile  extended  inter¬ 
sects  the  root  circle.  Note  that  the  root  circle  of  the  teeth  on  the 
internal  gear  is  the  one  of  greatest  diameter. 


From  Figure  67, 
°1-12 


BM2rP2 

RB2 


BV-BV  MV-PV 

M2  2  P2  2  22  2 


B2 


Bz 


C2M2 


C  v2  - 

2  2 


C2V2  tan  0p 


B2 


RB2  ~  RB2 


tan 


0 

P 


Using  che  substitution 

h\2 

m  ‘  RB2 

Equation  (29)  becomes 


(29) 


(30) 


(31) 


In  a  similar  fashion,  the  equation  for  the  rotation  angle  corresponding  to 
the  manufactured  outer  end  of  involute  profile  (not  shown  in  Figure  67)  is 


°T2 


(32) 


The  same  kind  of  design  check  performed  with  the  two  external  gears  may  now 
be  applied.  When  the  involute  portion  of  the  tooth  profiles  extends  suf¬ 
ficiently  to  permit  contact  with  the  tip  of  the  mating  tooth,  the 
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following  condition  will  be  met  (the  direction  of  the  inequality  sign 
recognizes  the  proper  sign  of  the  angles): 


ttAl  i 

aTl 

aR2  i 

aT2 

(33) 

(34) 


As  with  the  case  of  the  two  external  gears,  the  same  kind  of  subdivision  of 
the  angle  between  successive  teeth  on  the  same  gear  may  be  introduced.  To 
check  for  engagement  at  any  of  the  subdivisions  of  rotational  positions, 
the  same  comparison  as  in  Equation  (18)  is  used.  Engagement  is  possible 
cnly  when 


°R1  >  “Jl  >  “Al 


(35) 


Profile  Coordinates 


Figure  68  shows  the  outline  of  an  external  gear  tooth  consisting  of  an 
involute  profile  joining  the  root  circle  with  a  circular  fillet.  The  co¬ 
ordinates  of  points  on  the  tooth  outline  may  be  found  from  the  geometry 
portrayed . 


From  Figure  68a,  for  angles  associated  with  the  pitch  point  P, 


e  _  m  _  iis 

p  Rp  '  2  Rp 


eT 


T 

2Rp 


where  T  -  tooth  thickness  measured  along  the  pitch  circle. 

▼  p  p 

For  any  point  J  along  the  involute  profile, 

=  *P  +  aj 

Equations  (36),  (37),  and  (38)  may  be  combine!  as  follows: 


($  _ - \  +  Qr 

v  P  2Rp  J 


(36) 


(37) 

(38) 


(39) 


The  values  of  Vp,  T,  and  Rp  may  be  taken  from  the  gear  desig..  data.  The 
value  of  Qfj,  the  angle  through  which  the  gear  must  rotate  to  move  the  con¬ 
tact  point  from  P  to  J,  has  b‘  en  assigned  to  each  point  J  according  to 
Equations  (16)  and  (17)  in  the  orcvious  section. 


Again,  from  Figure  68a,  — 

tan  ♦  =  (40) 

J  CK 

From  the  properties  of  the  involute  curve, 

JK  =  PV  +  JK  (41) 
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Substituting  Equation  (41)  into  Equation  (42)  gives 


57  +  JK  cv  ta"4p  +  CItoJ 
tan4  =  . . —  =  — 

J  CK  CK 


RB  tan  *P  +  RBaj 


tan  +  Clj 


=  tan  (tan  4p  +  Ct'j)  (42) 

As  explained  after  Equation  (39),  the  two  values  on  the  right-hand  side  are 
known  from  the  design  data  and  the  selection  of  point  J. 


From  Figure  38a, 


0  =  <*>  -  iif 

J  J  VJ 


The  coordinates  of  the  point  J  may  now  be  expressed  in  terms  of  the  angles 
found  in  Equations  (42)  and  (43)  from  Figure  68a; 


Xj  »  CH  =  CJ  cos 


CK 

cos  $  . 


cos  0, 


R  cos  9, 


cos  # 


=■■  CJ  sin  0. 


— •  sin  0, 
C0S4J  J 


rb  8in  ej 


Figures  68b  and  68c  show  the  circular  fillet  which  blends  the  involute  pro¬ 
file  into  the  root  circle.  Pojnt  G  is  the  tangent  point  '  c tween  the  fillet 
and  the  involute,  and  point  F  is  the  tangent  point  between  the  fillet  and 
the  root  circle.  Two  other  points  in  the  figure  are  of  special  interest. 
Point  M  locates  the  intersection  of  the  ey.i  ended  involute  on  the  root 
circle.  Point  E  is  located  on  the  root  ciicle  halfway  t  ween  F  and  M. 

It  is  taken  to  represent  the  "effective”  tooth  thickness  at  its  base. 

The  angle  0M,  which  locates  point  M,  may  be  found  from  Equations  (39), 

(42),  and  (43)  which  were  derived  for  any  point  J  on  the  involute  profile. 
Replacing  the  subscript  J  by  M  in  these  equations  gives 


(1P  "  2rJ  + 


►M  “  tan’1  (tan  $p  +  Q^) 
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0  a  $  -  \if 

M  M  ¥M  (48) 

Note  that  the  angle  cr^  may  be  found  according  to  Equations  (8)  or  (12)  of 
the  previous  section. 


A  different  procedure  is  used  to  find  0p.  First,  the  point  G  must  be  con¬ 
sidered.  From  Figure  68b, 


*P  _  *G 


—  KCV  =  E 
C V 


PV  -  GK 

cv 


*P  '  *G 


rb  tan  VjS  tan  ♦c 


♦p  -  *G 


tan  -  tan  $ 

*  Cj 


When  rearranged, 


=  !p  -  tan  «p  +  tan  $G 


(49) 


From  Figure  68b, 
tan  * 


£K  DK  -  DG  a  CK  tan  (8p  +  *G>  ~  DG 


G  GK  CK 

tan  f 


CK 

Rb  tan  (8p  +  \|rG)  ‘  R’f 


where 


tan  -  tan  (8?  +  *G) 

R'p 

P'r-  "  ? - 


(50, 


Again,  from  Figure  68b, 


tan  (fip  +  i|fG) 


tan  (8p  +  \^G) 


DK  _ CD^  -  CK2 


CK 


CK 


V/(rm  +  r'f)2  ~  R 


tan  (8p  +  \|rG) 


V(oM  +  p'F)2  -  1 


(51) 


where 


PM  =  W 


* 


« 
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Equation  (51)  may  be  rearranged  to  give 


* 


* 


[ 


ep  =  tan'1  V(PM  +  P'F)2  -  1  -  *G  (52) 

Combining  Equations  (49),  (50),  and  (52)  gives 

♦p  +  V^(PM  +  Pf')2  '  1  '  P'f  (53) 

Equation  (53)  may  now  be  substituted  into  Equation  (52)  and 

ep  =  tan'1  V^pM  +  PF')2  -  1  -  V(PM  +  PF')2  -  1  +  PF' 

Point  E  may  now  be  located.  By  def initio  , 

9E  *  1«W 

The  coordinates  of  point  E  are 

X^.  =  CH'  -  CE  cos  &E 

Xg  =  Rjj  cos  0E  (56) 

Y  =  EH'  »  CF  sin  0 

Ci  Ci 

Ye  =  R,,  3in  eE  (57) 


-  tp  +  tan  Op 

(54) 

(55) 


In  summary,  to  find  the  coordinates  X^  and  Y  on  the  external  gear,  use 
Equations  (46),  (47),  and  (48)  to  fine  ana  Equation  (54)  tf  Gp,  combine 
these  in  Equation  (55),  and  finally  use  Equations  (56)  and  (57). 


The  case  of  the  internal  gear  is  treated  in  the  same  manner.  Figures  69a 
and  69b  use  the  same  letters  to  label  the  corresponding  points  on  the  in¬ 
ternal  gear.  The  derivation  for  the  coordinates  of  the  point  J  on  the  in¬ 
volute  profile  is  identical  to  that  for  the  external  gears  and  leads  to 
•identical  equations.  Equations  (39),  (42),  (43),  (44),  and  (45)  are 
repeated  below. 
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+  a. 


(58) 
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(tan  1>p  +  dj) 
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(61) 


X 


J 


Y 


J 


kb  (OS  *j 

cos  ^ 

rb  sin  bj 


(62) 


In  the  same,  manner .  Equations  (46),  (47).  nd  (48)  which  solve  for  may 
be  repeated  for  che  internal  gear. 


*M  =  2Rp^  +  “m 

♦M  =  tan"1  (tan  *p  * 


(63) 

(64) 


d 


M 


rM 


( 6!>) 


The  equations  for  finding  4  are  only  slightly  diffeient,  'They  may  he 
found  by  following  the  identical  procedure  used  for  the  external  gear. 

From  Figure  69b, 

*G  "  +  P 


-  Vp  3  tan  CG  -  tan  *p 

*c  ~  *|fp  "  tan  ^p  +  tan  (6b) 


VK 

KuV  -  —  •- 


GK  -  PV 


-  Hft 


cv  cv 

V^C  -  R,  tan 

R» 


Equation  ''6)  is  identical  to  Equation  (49). 
From  Figure  69b, 


tan  ’ 

C  i 


t  ar 
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CK  CK 
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From  Figure  ‘'ul' 


-  tar,  (\|rf,  -  0p)  +  p’j 
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(B  displacement  due  to  the  shear  deformation  of  the  tooth  as 

a  cantilevered  beam 

(Bj)^  displacement  due  to  the  rotation  of  the  tooth  in  the  sup¬ 
porting  structure  a'-  its  base 

(Bj)^  displacement  due  to  the  contact  or  Hertzian  deformation 

There  are  two  other  contributing  deformations.  One  is  the  displacement 
due  to  radial  compression  of  the  tooth.  The  other  is  the  displacement  due 
to  transverse  shear  in  the  supporting  structure  of  the  tooth.  Both  of 
these  have  been  omitted  because  in  the  geometry  of  gear  teeth,  they  con¬ 
tribute  substantially  less  to  the  total  displacement  than  the  factors  in¬ 
cluded. 

In  finding  the  first  two  deformations,  (Bj)a  and  (B .)^,  the  gear  tooth 
will  be  treated  as  a  sequence  of  transverse  segments,  each  of  uniform 
rectangular  cross  section.  The  depth  of  the  uniform  section  will  be  inter¬ 
mediate  to  the  depths  at  both  ends  of  the  segment.  Figure  70  shows  an 
external  gear  tooth  with  one  such  segment.  Each  segment  will  be  identi¬ 
fied  by  a  K  value  associated  with  its  outer  section,  and  the  K  value  will 
be  increasing  as  che  K  section  moves  out  toward  the  tip  of  the  tooth.  The 
selection  of  the  location  of  each  K  section  may  be  made  to  correspond  to 
the  location  of  each  of  the  J  points  described  in  the  previous  sections, 
as  long  as  the  J  points  are  sufficiently  close  to  each  other.  Such  a 
selection  permits  the  use  of  the  X  and  Y  coordinates  for  the  points  on  the 
tooth  outline,  as  found  previously.  In  Figure  70,  J  represents  the  point 
at  which  the  load  is  applied.  The  angle  \J/  gives  the  direction  of  this 
load  relative  to  the  tooth  centerline,  andty^  is  the  same  angle  as  found 
by  Equation  (39).  The  analysis  which  follows  traces  the  contribution  of 
each  K  segment  to  the  displacement  at  the  point  J,  which  itself  remains 
fixed.  As  -he  mating  gears  rotate,  J  moves  into  successive  oortiors,  and 
the  deflection  calculations  must  be  repeated  for  each  new  position. 

The  moment  of  inertia  of  the  rectangular  cross-sectional  area  at  K  may  be 
expressed  in  terms  of  the  Y  coordinate  and  the  tooth  face  width  F. 

-  T2  F  <2V3  '  ^ 


At  the  K-l  cross  section,  which  is  the  other  end  of  the  K  segment, 


I 


K-i 


For  the  assumed  uniform  cross  section  of  the  segment  between  K  and  K-l, 
the  mean  of  the  two  moments  of  inertia  will  be  used. 


XK  +  XK-1 


167 


Figure  70.  beam.  Deflections  in  the  Gear  Tooth 
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h  ■  3<IK  +  YK-1>  <75> 

Jn  the  same  manner,  the  mean  area  for  the  two  cross  sections  may  be  found. 

^  -  F(2Yr)  -  2FYk 

V-l  *  2FYK-1 

7  *11  *  *K-1 

Tt  "  2 

\  -  F<\+Vl>  (76> 

The  length  of  the  K  segment  may  be  found  from  the  X  coordinates. 

Sc  “  *K  “  *K-1  *77* 

Each  of  the  above  Equations,  (75),  (76),  and  (77),  will  also  be  applied  to 
the  segment  of  lowest  K  value,  the  one  situated  at  the  base  of  the  tooth. 
The  K-l  point  will  not  be  on  the  Involute  curve  because  of  the  fillet 
radius  between  the  involute  profile  and  the  root  circle.  The  X  and  Y 
coordinates  to  be  used  at  this  K-l  point  will  therefore  be  those  found  for 
the  effective  base  of  the  gear  tooth,  namely,  Xg  and  Y^,  as  found,  for 
example,  in  Equations  (56)  and  (57). 

The  distance  of  the  K  segment,  at  its  outer  end,  from  the  point  J  of  load 
application  is  similarly  found  from  the  X  coordinates  of  the  points  K  and 
J. 


SK  “  XJ  "  h  <78> 

Another  variable  which  will  be  used  in  the  deflection  calculations  is  the 
bending  modulus  of  elasticity  E.  This  will  appear  in  the  denominator  of 
the  expressions  for  bending  deflections. 

Many  gears  have  a  face  width  which  is  large  compared  to  the  tooth  thick¬ 
ness.  This  greater  wiJch  gives  an  added  stiffening  effect  which  must  be 
included  in  the  bending  deflection  equation.  The  necessary  factor  is 
(1-V  ),  which  '.ustomarily  appears  in  the  numerator  of  the  deflection  ex¬ 
pression.  For  convenience  in  writing  equations,  this  factor  will  here  be 
applied  as  a  correction  factor  to  E,  giving  a  corrected  modulus  of 
elasticity 

Ev  "  <i5*)  (73) 

If  the  gear  tooth  is  narrow  relative  to  its  thickness,  the  correction 
factor  should  be  dropped. 

In  Figure  70a,  the  normal  load  at  J  arts  in  two  ways  to  load  the  canti¬ 
levered  gear  tooth: 

1.  A  concentrated  load  equal  to  the  transverse  component  of  the 
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applied  load,  W^j  cos  tj. 

2.  A  moment  load  equal  to  the  axial  component  of  the  applied  load 
times  one-half  the  thickness  of  the  tooth  at  the  point  of  load 
application,  W^j  sintj  •  Yj. 

In  the  bending  of  the  tooth,  each  of  these  load  conditions  causes  a  trans¬ 
verse  displacement  and  a  rotation  of  the  tooth  centerline  under  che  point 
of  load  anplication.  These  two  displacements  will  be  evaluated  for  each 
of  the  >-wo  load  conditions  and  then  combined. 

As  mentioned  earlier,  the  procedure  for  finding  deflections  will  treat  the 
gear  tooth  as  a  succession  of  transverse  segments  of  uniform  cross  section. 
The  contributions  of  all  segments  will  be  found  and  summed  to  give  the 
total  deflection. 

The  first  case  to  be  considered  is  that  of  a  tooth  segment  subjected  to  a 
transverse  load  applied  some  distance  away,  with  the  rest  of  the  gear 
tooth  serving  as  a  rigid  support  or  a  rigid  extension.  This  is  portrayed 
in  its  simplest  form  in  the  sketch  below. 


Rigid 

Support 


Modulus  of  Elasticity  ■  E 


Froi,  the  standard  methods  of  beam  deflection  analysis,  the  transverse  de 
flection  at  the  load  is 


B  -  (L2  +  3SL  +  3S2)  (80) 

The  centerline  rotation  at  the  load  is 

7  -  (L  +  2S)  (81) 

These  may  be  rewritte  '.n  the  terminology  of  the  main  analysis.  For  the  K 
segment  with  load  applied  at  J, 

B  becomes  (By^al 

E  becomes 

I  becomes  L„ 
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becomes  1^, 
becomes  S 


JX 


W  becomes  W„ .  cos  ii 
NJ 

7  becomes  (7^ 

Therefore,  the  two  centerline  displacements  under  the  transverse  component 
of  the  total  load  are 


(ByK) 


al 


W  cos  >|r  .L  0  „ 

<l  K  +  3SJKlK  +  3SJK> 

V  K 


(7JK^al 


W  cos  'hi  L 
NX  \j  K 

2E  T 

V  K 


<Lx  +  2sjk> 


(82) 


(83) 


The  second  case  to  be  considered  is  that  of  the  tooth  segment  subjected  to 
a  moment  load  applied  some  distance  away,  with  the  rest  of  the  gear  tooth 
•rr.-'.ng  as  a  rigid  support  or  a  rig?''  extension.  This  is  portrayed  in  its 
idst  form  in  the  sketch  below. 


From  the  standard  methods  of  beam  deflection  analysis,  the  transverse  de¬ 
flection  at  the  load  is 

ML 

B  =  -  (L  +  2S)  (84) 

The  centerline  rotation  at  the  load  is 


7  = 


£2i 

EI 


(85) 


The  minus  sign  is  included  because,  with  a  moment  applied  in  the  direction 
shown,  the  directions  for  the  deflection  are  opposite  to  those  in  the 
previous  case. 


These  two  equations  may  be  rewritten  in  the  terminology  of  the  main 
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analysis  using  the  same  replacements  as  listed  above,  with  the  addition 
that 


M  becomes  W.,  sin  ■  V, 
N  J  J  J 


The  new  equations 


^BYK^a2 


~WNJ8lr^I  '  Y 
2EvTk 


K 

“^•(lv  +  2S  ) 


^7JK^a2 


-WNJSl^J  ’  YJ  ‘  \ 


The  deflections  for  each  tooth  segment  will  be  summed  next.  Equations 
(82),  (83),  (86),  and  (87)  are  rewritten  showing  this  summation,  which  is 
for  all  K  segments  from  the  base  of  the  tooth  to  the  point  J  of  applied 
load.  The  factors  which  do  not  vary  with  individual  segment  are  written 
outside  the  summation  sign. 


WNJC°S* 


7^  Lw  •  'sjklk  +  34> 

.  J-i r 


j  £>tLK  +  2V 


-“nj31"*.i  •  Y.I 


2Vk 


&c  <hc  +  2sjk> 


<2J>a2 


-WNj3ln»j  -  Y 


The  combination  of  these  displacements  will  begin  with  consideration  of 
each  load  condition  separately.  The  effect  of  the  combined  transverse  and 
rotation  displacements  associated  with  each  load  will  be  found,  and  then 
the  two  effects  will  themselves  be  combined. 


vigure  70  shows  the  manner  in  which  the  two  types  of  displacements  com¬ 
bine.  The  transverse  displacement  is  shown  as  TC' >  the  angular  rotation, 
as  L.  JC'^' .  An  important  result  of  the  rotation  is  that  the  deflected 
tooth  outline  does  not  pass  through  the  point  G  where  JG  =  CC'.  Instead, 
it  passes  through  the  axially  displace!  point  G'.  The  displacement  in  the 
direction  of  the  load  is  therefore  from  J  to  J',  a  lesser  distance  than 
would  result  from  no  centerline  rotation.  Described  in  different  terms, 
the  centerline  rotation  due  to  bending  combines  with  the  inclined  outline 
at  the  load  to  "cam  up"  or  to  reduce  the  de flection  under  the  load. 

The  relationship  betwee  i  these  displacements  can  be  found  from  the 
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geometry  shewn  in  Figure  70b 


JD  =  JG  -  DG 


—  T  T 1  D I 

JD  =  -si-  =  — 3-r  (93) 

costyj  COS^j 

where  is  the  displacement  of  the  tooth  outline  in  the  direction  of  the 
applied  force. 

JG  =  CC'  =  ^  (94) 

where  B^  is  the  transverse  displacement  described  above. 

DG  =  GG'  tanMf  (95) 

GG'  =  GC'  (t—  GC 1 G ' )  (96) 

GC'  =  JC  =  Yj  (97) 

where  Yj  is  one-half  the  thickness  of  the  tooth  at  point  J. 

L  GC'G'  =  (98) 

where  7j  is  the  angular  rotation  described  above. 

Combining  Equations  (92)  through  (98)  gives 


— - —  =  Bv  -  Y.f.  tan 

cos  Y  J  J  J 

J 

Multiplying  through  by  costy  T  changes  this  to 

Bj  =  BYcos^  -  Yj7j  sin^  (99) 

Equation  (99)  can  now  be  used  to  combine  the  individual  displacements.  For 
the  two  displacements  from  the  concentrated  load  condition,  Equations  (88) 
and  (89)  are  introduced  into  Equation  (99). 


WNJ  co»  *J 
,  T  3 


2  +  3sjklk  +  3sjk2 


cos\[r  sinf  •  Y  ^ — i 

r — +  2VJ  <100) 


For  the  moment  load  condition,  Equations  (90)  and  (91)  are  introduced  into 
Equation  (99). 
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(101) 


(Va2 


jw  r. 

EvTk  *- 


cos^jf  sin'Jf  •  Y 

— H- — 2  LYh  *  2sjk> 


V  sin  t/j 


&] 


The  total  displacement  of  the  tooth  outline  in  the  load  direction  from  the 
combination  of  the  two  load  conditions  is 


<BA  ‘  <Val  +  <EJ>.2 


(102) 


Introducing  Equations  (100)  and  (101)  into  equation  (102)  gives 

rfv 


<Va 


NJ 
E  I„ 

V  K 


■  2, 

COS  Tlf 


~  ^(L,2  +  3SWL„  +  3SW2) 


JK  K 


JK 


co»*jsi"*J  •  YJ  +  2SJK> 


2  2 
+  sin  •  YJ 


St 


(103) 


This  gives  the  total  deflection  from  the  bending  of  the  tooth  loaded  as  a 
cantilevered  beam. 


The  shear  deflection  of  the  tooth  as  a  cantilevered  beam  is  caused  by  the 
same  transverse  component  of  the  applied  load,  namely,  W  costy^.  This  de¬ 
flection  takes  the  form  of  offsetting  the  centerline  without  rotating  any 
transverse  section.  The  deflection  at  the  load  point  then  becomes  the  sum 
of  the  deflections  for  each  of  the  tooth  segments  defined  previously. 

The  individual  segment  subjected  co  the  shear  load  is  represented  in  the 
sketch  below,  with  the  rest  of  the  gear  tooth  appearing  as  a  rigid  support 
or  a  rigid  extension. 


W 


From  the  standard  methods  for  beam  shear  deflection  analysis,  the  trans¬ 
verse  deflection  when  the  cross  section  is  rectangular  is 


174 


B 


1-2  WL 
GA 


(104) 


As  noted  above,  the  centerline  rotation  at  the  load  la 

7  -  0 


(105) 


Rewritten  In  the  terminology  of  the  main  analysis,  for  the  segment  K  with 
the  load  applied  at  J, 

A  becomes  A^ 

B  becomes  (Byic^b 

G  becomes  G 

L  becomes  L„ 


W  becomes  W„_cos^T 
N  J  J 

7  becomes  (7JK)b 

Making  the  replacements  in  Equations  (104)  and  (105)  gives 


i,2WNJC°8^J  *  ^ 

G\ 


^JK^b 


(106) 


(107) 


Stunning  the  deflection  for  all  segments  from  the  base  of  the  tooth  to  the 
point  J  of  the  applied  load  gives 


1,2whj  c°«lYh 
°  L\ 


<7A 


(108) 


(109) 


To  obtain  the  resulting  displacement  of  the  tooth  outline  in  the  direction 
of  the  load,  Equations  (108)  and  (109)  are  substituted  into  Equation  (99) 


<BA 


1.2W  cos  \Jr 


3 


(HO) 


Equation  (110)  gives  the  displacement  due  to  the  shear  deformation  of  the 
tooth  as  a  cantilevered  beam. 

The  th^rd  contributor  to  tooth  deformation  comes  from  the  rotation  of  the 
tenth  as  a  Jigid  member  in  its  supporting  structure  at  its  base.  The  0 
moment  that  causes  this  rotation  comes  from  the  applied  load.  The  trans¬ 
verse  component  of  this  load  W^cosijrj  will  create  the  moment  wNjcos^j  •  Sj, 
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where  is  the  distance  from  the  lAad  point  to  the  base  of  the  tooth.  The 
axial  component,  as  noted  previously,  will  create  the  moment  W^jSin\|r-  . 
which  acts  to  oppose  the  first  moment. 

The  sketch  below  shows  this  loading  and  the  resulting  deflection  in 
simplified  form. 


The  equations  for  the  displacements  at  the  load  are  (see  Reference  10) 

1.327  M 


7S 


eh2f 
1.327  MS 
eh2f 


Rewritten  in  the  terminology  of  the  main  analysis, 


B 

E 

F 

H 


becomes 

becomes 

becomes 

becomes 


<v, 


F 

Y, 


(111) 

(112) 


M  becomes  W„  costy 

W  J  «. 


SJ  •  WNJSin*J 


S  becomes  Sj(=  X^  -  X^) 

7  becomes  (7  T) 

J  c 

Making  the  replacements  in  Equations  (111)  and  (112)  gives 

1.327W  (cost.  •  S  -  simjr  .  Y  )S 
(By)c  =  - ^ - - - f - * - ^ 


(113) 


(rj>c 


i.J27  Wn^co.^  ■  S  j  -  sin  .  Y,) 

Ve2f 


(114) 


To  obtain  the  resulting  displacemp.it  of  the  tooth  outline  in  the  direction 
of  the  load,  Equations  (113)  and  (114)  are  substituted  into  Equation  (99). 


<Vc 


1.237WNj(cosiJ(j  .  Sj  -  sirnjij  .  Y j)  (cos^j  .  Sj  -  sin^j  .  Y^) 

2 

EvYE  F 

1.327Wnj  (cos\|fj  Sj  -  sin^j  .  Yj) 2 

Ve2f 


<BJ>c  = 


(115) 


Equation  (115)  gives  the  displacement  due  to  the  rotation  of  the  tooth  in 
its  supporting  structure. 


Equations  (103),  (110),  and  (115)  have  all  been  derived  with  the  external 
gear  tooth  in  mind.  However,  the  same  equations  apply  for  the  internal 
gear  tooth,  as  long  as  the  values  for  L^,  Sj^,  and  S  are  maintained  as 
positive  values  and  as  long  as  the  summation  of  the  K  segments  i 
between  the  base  of  the  tooth  and  the  load  point. 


proceeds 


Each  of  these  three  equations  may  be  rewritten  to  express  a  compliance,  or 
deflection  per  unit  load,  defined  as 


VJ  w 

NJ 

(103)  becomes 

r  2, 

«j>.  - 

_ 1_ 

cos  *  _  2  2 

E  K 

V  K 

3  2S (  LK  +  3SKLK  +  3SJK 

- 

C08*J  sin*j  •  Yj  7lk(lk  +  2sjk 

(116) 


+  s in2\|i j  .  YJ2  ^LK 


Equation  (110)  becomes 


Equation  (115)  becomes 


(Vc 


(Vb 


1 . 2  cos  4r  _ L„ 


L\ 


1 . 327(cos\fi j  .  ST  -  siniij  .  Y  )  ‘ 


(117) 


(118) 


(119) 


These  three  compliances  combined  may  be  viewed  as  the  total  beam  comp  1 1  nice 
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of  the  gear  tooth 


<Vabc  =  (Va+«A  +  «A  <12 

This  total  compliance  can  be  found  independently  for  each  of  the  mating 
gear  teeth  by  using  the  above  equation. 

The  accuracy  of  these  equations  has  been  checked  by  comparison  to  some 
unpublished  experimental  results.  These  results  came  from  a  test  proce¬ 
dure  which  permitted  the  separation  of  the  beam  deflection  of  one  gear 
tooth  from  other  deflections.  The  agreement  of  calculated  results  vith 
measured  results  for  the  cases  analyzed  was  better  than  ten  percent. 


The  fourth  and  final  elastic  displacement  to  be  considered  is  that  of  the 
contact  or  Hertzian  deformation.  The  treatment  of  this  deformation  which 
will  be  used  in  this  analysis  is  based  on  a  semi-empirical  equation  de¬ 
veloped  for  contacting  cylinders  in  ordinary  roller  bearings.  This 
equation,  with  terminology  revised  to  resemble  the  terminology  of  this 
analysis,  is  (Reference  11) 


w^ere 


,  ..-4  2.7  ,,0.9 

3x10  tg  W 

*12  =  p  0.8 

F12 _ 

3/H,500(Ev1  +  Ev2) 


4 


<EvlEv2> 


(121) 


(122) 


This  equation  treats  the  general  case  in  which  the  materials  of  the  two 
mating  surfaces  have  different  properties.  Subscripts  1  and  2  are  used  to 
refer  to  the  two  surfaces.  The  deflection  given  by  the  equation  is  for 
the  two  contacting  surfaces  combined;  hence,  the  notation  of  12  is  used  in 
the  subscript.  Since  the  face  widths  of  the  two  surfaces  may  be  unequal, 
refers  to  the  effective  face  width  of  the  combination.  A  suitable  ap¬ 
proximation  of  this  effective  face  width  is  the  smaller  of  the  two  widths. 


The  notation  for  a  composite  modulus  of  elasticity  may  be  introduced. 


-  (- 

2  'E 


vl 


\2 


(Evi  +  V 
2<EvlEv2> 


(123) 


After  the  substitution  of  Equation  (123)  is  made  in  Equation  (122),  the 
result  may  be  combined  with  Equation  (121).  When  fully  simplified,  this 


becomes 


2.55  W 


,0.9 


12 


v  °-9  f0.8 

v<12  r  12 


(124) 


Equation  (124)  will  be  revised  somewhat  to  adapt  it  more  closely  to  the 
case  of  contacting  gear  teeth.  This  will  be  done  after  noting  a  major 
difference  between  the  conditions  applying  to  a  roller  between  bearing 
races  and  those  applying  to  a  loaded  gear  tooth.  Although,  in  both  cases. 
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contact  is  between  cylindrical  surfaces,  the  nature  of  the  support  of  the 
bodies  with  these  cylindrical  surfaces  is  quite  different.  The  force  at 
one  contacting  surface  on  the  roller  is  opposed  by  an  equal  force  located 
diametrically  opposite.  As  a  result,  the  entire  roller  is  loaded  with  the 
full  compressive  force,  and  the  deflection  given  by  Equation  (124)  is  the 
deflection  at  the  contact  point  and  throughout  the  roller.  A  gear  tooth 
does  not  provide  the  full  cylindrical  cross  section  of  the  roller.  Further¬ 
more,  the  applied  load  is  not  supported  by  diametrically  opposed  force  but 
by  the  shear  forces  distributed  across  the  base  of  the  tooth.  The  first 
item  calls  attention  to  a  reduced  material  cross  section  available  for  de¬ 
formation.  The  second  item  points  out  that,  due  to  the  side  support,  the 
internal  loading  in  the  cross  section  of  the  tooth  is  not  constant,  but 
reduces  with  increased  distance  from  the  contact  point.  These  differences 
make  the  contact  deflection  in  gear  teeth  significantly  less  than  that 
called  for  by  Equation  (124).  The  estimate  to  be  used  for  this  reduction 
in  deflection  is  50  percent.  This  correction  gives  calculated  results 
which  proved  to  be  still  somewhat  larger  than  the  experimental  results  to 
which  they  were  compared.  However,  the  apparent  excess  in  calculated  con¬ 
tact  deflection  will  be  more  than  offset  in  many  practical  applications 
by  the  increase  in  deflection  resulting  from  slight  errors  in  the  con¬ 
tacting  surfaces. 


With  the  50-percent  correction,  Equation  (124)  may  be  rewritten  to  apply 
to  the  case  of  contacting  gear  teeth. 
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(125) 


Converting  this  to  give  the  mean  compliance  according  to  Equation  (116), 

,0.9 


(QJl?.^d 
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Equation  (126)  shows  that  the  compliance  is  not  constant  but  is  somewhat 
dependent  on  the  value  of  the  actual  load.  However,  since  the  load  ap¬ 
pears  to  the  one-tenth  power,  there  will  be  little  variation  in  compliance 
over  a  reasonably  wide  range  of  load.  Therefore,  may  be  replaced  by 
an  average  value  covering  all  conditions  of  loading  without  tear  of  intro¬ 
ducing  appreciable  error.  A  suitable  average  value  would  be  one  half  the 
total  load  carried  by  the  gear  teeth.  The  load  on  any  one  tooth  will  vary 
from  zero  to  the  total  load,  but  the  condition  of  approximately  equal 
sharing  between  two  successive  teeth  is  the  condition  requiring  the  best 
possible  estimate  of  compliance.  The  substitution  to  be  used  is 
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NJ 
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Equation  (126)  now  becomes 


(QJ12^d 


1.37 


0.9  f0.8  0.1 
Vl2  12  WN 


(128) 


Because  this  relationship  is  independent  of  surface  curvature,  it  will 
apply  for  all  load  point  positions.  For  the  same  reason,  it  will  apply 
for  both  the  case  of  two  external  gears  and  the  case  of  one  external  and 
one  internal  gear.  The  contact  compliance,  it  should  be  noted,  requires 
the  additional  input  information  of  the  total  transmitted  load  WN  and,  in 
this  respect,  differs  from  the  other  compliance  components. 


In  summary,  the  total  elastic  compliance  of  the  mating  gear  teeth  may  be 
found  by  applying  Equations  (117),  (118),  and  (119)  for  earh  of  the  gears, 
combining  the  results,  and  then  adding  in  the  contact  compliance  for  the 
two  gears  in  combination. 

QJ12  "  (QJpabc  +  (QJ2Jabc  +  (QJ12*d  (129) 


Rotational  Deviations 


Figure  71  shows  the  general  case  of  two  successive  pairs  of  teeth  in  mesh 
and  tVansferring  load.  The  points  of  contact  on  the  two  teeth  from  the 
same  gear  have  a  fixed  relationship  to  each  other.  If  the  position  of  one 
is  known,  the  other  can  be  found  readily.  As  discussed  prior  to  Equation 
(16),  each  point  on  the  profile  used  as  a  calculation  point  is  associated 
with  a  rotation  angle  a^.  This  angle  is  also  the  angle  through  which  the 
gear  will  rotate  to  move  the  point  in  question.  In  Figure  71,  C.'  is  the 
angle  associated  with  the  contact  point  on  the  first  tooth  of  the  pair, 
and  a_  is  the  angle  associated  with  the  contact  point  on  the  second.  The 
combination  of  the  two  angles  is  equal  to  the  tooth  spacing  angle,  or 


2* 
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The  minus  sign  in  front  of  the  second  angle  provides  for  its  negative 
direction.  In  rearranged  form,  this  equation  shows  how  the  location  of 
the  second  contact  point  is  found  ftcm  the  first. 


ajD  QJCp  '  (13°) 

The  division  of  transferred  tooth  load  shown  in  Figure  71  will  be  deter¬ 
mined  from  a  consideration  of  the  gear  teeth  compliances  and  the  relevant 
manufacturing  errors  for  the  two  contact  points.  These  factors  are  shown 
in  Figure  72,  which  is  a  schematic  diagram  of  the  meshing  condition  shown 
in  Figure  71.  The  gear  teeth  are  represented  as  slender,  spring-like 
members  with  deflections  (B)  caused  by  their  respective  loads.  Profile 
errors  (Z)  at  the  points  of  contact  are  shown  as  buttons  interacting  with 
the  deflections  of  the  spring  teeth.  Tooth  spacing  errors  (V)  are 
pictured  as  offsets  in  the  projections  of  the  bases  of  the  spring  teeth. 
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Figure  71.  Two  Successive  Pairs  of  Teeth  in  Mesh  and  the  Division 
of  Transferred  Tooth  Load.  "*  • 


VflKV'V'W 


Figure  72.  Diagram  Representing  Two  Succeaaive  Pairs  of 
Gear  Teeth  in  Mesh. 


The  deviation  (VN_)  in  the  position  of  the  driven  gear  relative  to  the 
driving  gear,  which  results  from  the  combination  of  deflections  and  errors, 
is  shown  by  the  offset  between  the  base  of  the  first  spring-tooth  on  the 
driving  gear  and  the  base  of  the  first  spring-tooth  on  the  driven  gear. 

The  profile  errors,  the  tooth  spacing  errors,  and  the  position  deviation 
are  all  measured  along  the  line  of  action  or,  stated  otherwise,  as  normal 
to  the  tooth  surface. 


To  separate  the  two  effects  of  profile  error  and  tooth  spacing,  the  former 
will  be  defined  as  zero  at  the  pitch  point,  and  the  latter  will  be 
measured  between  pitch  points  of  successive  teeth.  To  be  consistent  with 
the  requirement  of  direction  along  the  line  of  action,  the  tooth  spacing 
error,  as  neasured  between  pitch  points,  must  b»  adjusted  by  the  factor 
costp. 

The  chains  of  displacements  pictured  in  Figure  72  supply  the  equations  for 
the  case  of  both  teeth  transmitting  load.  For  the  driving  gear, 


VNJ  + 
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For  the  driven  gear, 


VNJ  "  VP1  +  BJD1  "  ZJD1 

ZJD2  +  BJD2  ‘  *“VP2*  "  ° 

(132) 

These  may  be  rearranged  to 

VNJ  +  ^BJC1  + 

BJC2*  “  (ZJC1  +  ZJC2^ 

(133) 

VNJ  +  <BJD1  +  BJD2>  * 

<ZJDl  +  ZJD2>  +  (VP1  -  VP2> 

(134) 

Each  pair  of  the  deflections  may  be  replaced  ty  a  product;  the  load 
causing  them  times  the  combined  compliances  involved.  These  compliances 
are  the  elastic  tooth  compliances  (Q)  derived  in  the  previous  section  and 
other  known  compliances  (U)  of  the  structure  supporting  the  tooth. 


W  Q 
N.IC^JC 

WNJC(QJC12  +  UJC12^  "  BJC1  +  BJC2 

(135) 

m 

W  0 

NjrrjD 

WNJD^JD12  +  UJD12^  "  BJD1  +  BJD2 

(136) 

For  simplification,  the  errors  for  each  tooth  may  be  grouped. 

Z. 


JC 


^ZJC1  +  ^CZ' 


ZJD  “  ^ZJDl  +  ZJD2^  +  ^VP1  "  VP2^ 


(137) 

(138) 


When  Equations  (135)  and  (137)  are  combined  with  Equation  (133),  when 
Equation  (136)  and  (138)  are  combined  with  Equation  (134),  and  when  the 
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sum  of  the  two  parts  of  the  transferred  load  is  set  equal  to  the  total 
load. 


VNJ  +  WNJC  QJC 

ZJC 

(139) 

• 

VNJ  +  WNJD  QJD 

"  ZJD 

(140) 

WNJC  +  WNJD 

“  WN 

(141) 

These  three  simultaneous  equations  can  be  solved  with  the  aid  of  deter¬ 
minants  . 


'NJ 


ZJC  QJC 


JD 


0 

1 


*JD 

1 


1 

1 

0 


<JC 

o  Q 

1  1 


0 

JD 


QJC  QJP  WN  "  ZJC  QJP  ~  ZJD  QJC 

"qjd  "^jc 


The  position  deviation  in  the  direction  of  the  line  of  action  is 

V. 


QJC  ZJD  +  QJP  ZJC  ~  QJC  QJDWN 


NJ 


QJC  +  QJD 


w, 


ZJC  0 
ZJD  QJD 


W. 


1 


ZJD  "  QJDWN  ~  ZJC 


NJC 


-Q 


1 

1  0  Q 

0  1 

The  load  transmitted  by  the  first  pair  of  teeth  is 


Q  0 
VJC 


JD 

1 


ND 


‘JC 


W, 


NJC 


QjDWN  1  ZJC‘  ZJD 
QJC  +  qjd 


(142) 


(143) 
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The  load  transmitted  by  the  second  pair  of  teeth  is  « 


W 

NJD 

$ 

The  results  of  Equation  (143)  and  (144)  may  be  tested  for  sign.  Since  the 
denominator  in  both  cases  will  be  positive,  the  test  may  be  confined  to 
the  numerators.  If  the  numerator  is  negative,  the  indication  is  that  no 
load  is  transmitted  by  that  pair  and  that  the  other  pair  carries  the  full 
load. 


QJCWN  *  ZJD  '  ZJC 
QJC  f  QJD 


(144) 


.'AS 


* 


» 


The  corrected  load  relationship  must  be  introduced  into  the  original 
Equations  (139)  and  (140)  in  order  to  find  the  true  position  deviation. 


-  Zjj£  o,  then  WNJC  «  0,  WNJD  -  WN,  and  only  the  D- teeth 


In  this  case.  Equation  (142)  becomes 


If  W*  V 

are  In  conta 


VNJ  “  ZND  "  QJDWN 
ZJC  i  °’  th6n  WNJD  "  °*  WNJC 


(145) 

W^,  and  only  the  C-teeth 


In  this  case,  Equation  (142)  becomes 

VNJ  ’  hr.  '  QJCWN  <146> 

Most  gear  designs  have  a  range  of  rotational  positions  in  which  engagement 
takes  place  between  one  pair  of  teeth  only.  The  rotational  positions  for 
which  thir  ta  trv*  have  been  found  through  Equation  (18).  In  the  cases  of 
engagement  of  the  first  pair  only,  WNJC  -  WN>  V?NJD  -  0,  and  Equation  (146) 
should  be  v  d  directly.  With  engagement  of  the  second  pair,  W  ■  0, 
WNJD  ’*  '  'n^  Equation  (145)  are  used. 

It  may  i  more  convenient  to  express  the  loads  found  by  Equations  (143) 
and  (144)  as  tangential  or  pitch  loads  instead  of  the  normal  leads  used  in 
the  analysis.  The  conversion  is  obtained  by  setting  equal  the  torque;1  re¬ 
sulting  from  each  of  the  two  alternative  load  directions.  For  the  total 
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load, 


WRp  -  WjjRg 


W  -  ,WNcos  ♦p  (147) 

For  the  divided  lc>6.ds, 

UJC  -  1W°*  *P  <148) 


WJD  ’  'W0'  *P  <l4’> 

Conversions  may  also  be  made  for  the  position  deviation.  The  position  de¬ 
viations  may  be  expressed  as  an  angular  deviation  of  either  the  driving 
gear  or  the  driven  gear. 


J1 

J2 


(150) 


The  conversion  to  a  tangential  or  a  pitch  line  deviation  is  made  by  noting 
that  both  deviations  must  result  in  the  same  angular  deviation. 


V  V 

.  ju  _  h 

J  rb 


*F 


*P 


V  “ 

VNJ  Rb 


V,  - 


NJ 


cos 


DESCRIPTION  OF  COMPUTER  PROGRAM 


(151) 


Input  Variables.  Format,  and  Instructions 

Card  1  Title,  columa  2  through  72. 

Card  2  Control  numbers.  Format  (515) 

a.  NUZ  Number  of  sets  of  tooth  load  and  spacing  error  data 
being  submitted  with  this  control  card. 
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Place  the  laat  digit  of  this  number  iu  column  5. 

b.  INT  Identification  as  to  whether  this  control  card 

represents  the  last  complete  set  of  input  data 
being  submitted. 

If  more  sets  of  input  data  follow,  use  0. 

If  this  is  the  last  set,  use  1. 

Place  this  digit  in  column  10. 

c.  NMZ  Number  of  sets  of  profile  and  support  compliance 

data  being  submitted  with  this  control  card. 

Place  the  last  digit  of  this  number  in  column  15. 

d.  MN  Classification  of  the  types  of  spur  gears  to  be 

considered. 

If  both  the  driving  and  the  driven  gears  are  ex¬ 
ternal  gears,  use  1. 

If  the  driving  gear  is  an  external  gear  and  if  the 
driven  gear  is  an  internal  (ring)  gear,  use  0. 

(The  program  will  not  run  properly  if  the  internal 
gear  is  submitted  as  the  driving  gear.) 

Place  this  digit  in  column  20. 

e.  MMM  Number  „f  initial  terms  of  the  Fourier  analysis  for 

which  coefficients  will  be  printed,  beyond  the 
coefficient  for  the  constant  term  This  number 
canno1:  exceed  (21  +1),  where  I  is  the  input  variable 
submitted  on  card  4. 

Place  the  last  digit  of  this  number  in  column  25. 
Card  3  Gear  design  data.  Format  (6E  13.5) 

a.  FN1  Number  of  teeth  in  the  driving  gear. 

Use  columns  1  through  13.  (Do  not  omit  decimal 
point .) 

b.  FN2  Number  of  teeth  in  the  driven  gear. 

Use  columns  14  through  26.  (Do  not  omit  decimal 
point.) 


c.  RP1  Radius  of  the  pitch  circle  of  the  driving  gear,  in. 

This  must,  be  the  working  pitch  radius  based  on  the 
actual  center  distance,  including  any  substantial 
spreading  under  load.  If  not  specified  in  the  gear 
design  data,  it  may  be  calculated  by  multiplying  the 
actual  center  distance  by  the  ratio  of  (FNl) 
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to  (PN1  +  FN2) . 

Use  columns  27  through  39. 

Note:  The  pitch  radius  of  the  driven  gear  is  not 
included  in  the  input  data;  instead,  it  is  calcu- 
la  Cm  cl  from  the  other  input  data  and  is  printed  as  a 
calculated  result. 


d.  THETP  Pressure  angle,  deg.  This  must  he  the  working 

pressure  angle  based  on  uhe  base  circle  radii  and 
the  actual  center  distance,  including  any  substan*? 
tial  spreading  under  load.  If  not  specified  in  the 
gear  design  data,  its  sine  may  be  calculated  by  di¬ 
viding  the  driving  gear  base  circle  radius  by  its 
pitch  radius,  as  found  for  RP1  above. 

Use  columns  40  through  52. 

e.  RfSl  Radius  to  the  outside  diameter  of  the  driving  gear, 

in.  Tills  should  be  reduced  by  any  radial  loss  in 
working  surface  at  the  tip  of  the  teeth,  as  from 
tip  rounding  or  chamfering. 

Use  columns  53  through  65. 


f.  R92  Radius  to  the  outside  diameter  of  the  driven  gear, 

.  or  RI2  if  external,  and  to  the  inside  diameter,  if  inter¬ 
nal,  in.  This  should  be  corrocted  for  any  radial 
loss  in  working  surface  at  the  tip  of  the  teeth,  as 
from  tip  rounding  or  chamfering.  In  the  case  of  an 
internal  gear,  this  radius  must  be  equal  to  or 
greater  than  the  base  circle  radius.  No  check  for 
this  is  provided. 


Use  columns  66  through  78. 

Card  4  Gear  design  data,  continued.  Format  (6E  13.5) 


a.  RT1  Radius  to  the  beginning  (near  the  base  of  the  tooth) 

of  the  Involute  profile  on  the  driving  gear,  in. 

This  is  used  in  the  program  only  in  a  design  check 
as  to  whether  adequate  length  of  Involute  has  been 
provided  for  contact  on  the  teeth  of  the  mating 
gear  up  to  lte  tip.  If  this  radius  is  not  speci¬ 
fied  in  the  gear  design  data,  this  check  may  be  by¬ 
passed  by  substituting  ths  root  circle  radius. 

Use  columns  1  through  13. 

b.  RT2  Radius  to  the  beginning  (near  the  base  of  the  tooth) 


of  the  involute  profile  on  the  driven  gear,  in. 
See  above  for  substitute  when  not  specified. 

m  Use  columns  14  through  26. 


*  »W 


c.  RMl  Radius  to  the  root  circle  of  the  driving  gear,  in. 

If  the  radius  submitted  is  smaller  than  the  computed 
base  circle  radius,  this  is  noted  in  the  output,  and 
•  the  input  value  of  root  radius  is  used  at  some 

points  in  the  program.  If  the  root  radius  is  suf¬ 
ficiently  smaller  than  the  base  circle  radius  so 
that  the  root  fillet  center  lies  inside  the  base 
circle,  the  tooth  outline  between  the  base  circle 
and  the  fillet  is  assumed  to  be  a  radial  line  by 
the  program. 


Use  columns  27  through  39. 


d.  RM2  Radius  to  the  root  circle  of  the  driven  gear,  in. 

For  the  case  of  an  external  gear,  the  same  com¬ 
ments  as  above  apply. 


Use  columns  40  through  32. 

e.  FI  Number  which  indirectly  establishes  the  number  of 
calculation  points.  The  number  of  these  points 
will  equal  one  plus  twice  the  value  of  FI.  The  cal¬ 
culation  points  may  t>e  viewed  as  selected  contact 
points  on  the  true  involute  profile,  extended  where 
necessary.  These  contact  points  with  the  mating 
involute  are  associated  with  specific  angular 
positions  taken  by  the  gear  as  it  is  rotated,  where 
the  angular  positions  correspond  to  uniform  sub¬ 
divisions  of  the  tooth  spacing  angle.  A  greater 
number  of  these  points  will  give  more  closely  spaced 
polnt-by-point  output  data.  It  will  also  give  more 
accurate  calculations  of  tooth  deflections  and 
Fourier  coefficients.  A  value  of  FI  equal  to  12 
giving  25  calculation  points  has  been  found  to  be 
convenient. 

Use  columns  53  through  65.  (Do  not  omit  decimal 
point.) 


f.  T1  Circular  tooth  thickness  at  the  pitch  circle  of  the 
driving  gear ,  in.  The  radius  of  the  pitch  circle  is 
as  defined  in  card  3.  If  not  specified  in  the  gear 
design  data,  it  may  be  estimated  as  o^e-half  of  the 
difference  between  the  actual  circular  pitch  and 
the  working  backlash. 

Use  columns  66  through  78. 
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Card  5  Gear  design  data,  continued.  Format  (5E  13.5) 

a.  T2  Circular  tooth  thickness  at  the  pitch  circle  of  the 

driven  gear,  In.  The  conments  for  T1  also  apply 
here. 

Use  columns  1  through  13. 

b.  FI  Effective  tooth  face  width  of  the  driving  gear,  in. 

Where  the  face  widths  of  the  two  gears  are  similar, 
use  the  actual  face  width  without  any  reduction  for 
normal  end  chamfering  or  rounding.  Where  one  tooth 
is  much  wider,  use  as  its  effective  face  width  an 
amount  suitably  larger  than  the  narrower  width  to 
allow  for  the  limited  additional  support  that  the 
greater  width  provides. 

Use  columns  14  through  26. 

c.  F2  Effective  tooth  face  width  of  the  driven  gear,  in. 

Tt..‘  conments  for  Fl  also  apply  here. 

Ueq  columns  27  through  39. 

d.  RF1  Fillet  radius  on  the  driving  gear,  in. 

Use  columns  40  through  52. 

e.  RF2  fillet  radius  on  the  driven  gear,  in. 

Use  columns  53  through  65. 

Card  6  Gear  material  properties.  Format  (6E  13.5) 


a.  YE1 


Young's  modulus  (in  bending)  for  the  material  of 
the  driving  gear,  lb/in.. 


Use  columns  1  through  13. 

b.  YE 2  Young's  modulus  (in  bending)  for  the  material  of 

the  driven  gear,  lb/in. 


Use  columns  14  through  26. 

c.  GEl  Shear  modulus  for  the  material  of  the  driving  gear, 
lb/in.2 


Use  columns  27  through  39. 


d.  GE2 


Shear  modulus  for  the  material  of  the  driven  gear, 
lb/in.  * 
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Use  column*  40  through  52* 

a.  P0S1  Poisson's  ratio  for  the  material  of  tha  driving 

gssr.  Sines  this  ratio  Is  usad  only  in  tha  alllow- 
ance  for  tha  'Sri da  baam  effect",  it  should  be  ra- 
ducad  for  tha  casas  vhare  tooth  faca  width  la  not 
much  graatar  than  tooth  thickness,  with  a  limiting 
value  of  zero  whan  tha  teeth  have  a  width  smaller 
than  tha  thlcknass. 

Use  columns  53  through  65. 

f.  P0S2  Poisson's  ratio  for  tha  matarlal  of  tha  driven  gaar. 
Comments  for  P$S1  also  apply  hara. 

.  Usa  columns  66  through  78. 

Cards  7-1  to  7-2N  Point-by-point  data.  Format  (4E  13.5) 

Total  number  of  cards  equal  to  twice  the  number  of 
calculation  points  (N_)  between  pitch  points  of 
adjacent  teeth,  or  the  same  as  two  plus  four  times 
the  value  of  FI  (see  card  4).  This  specifies  that 
cards  must  be  introduced  even  if  it  is  known  that 
s  there  is  no  contact  at  the  particular  calculation 

point  or  even  if  the  tooth  profile  does  not  actually 
extend  to  the  calculation  point.  As  explained 
below,  a  blank  card  may  be  used  for  these  points. 

For  the  driving  gear,  the  first  card  is  for  the 
calculation  point  located  (N.j-1)  points  preceding 
before  the  pitch  point  (or  inside  the  pitch  circle); 
the  (Nj)th  card  is  for  the  pitch  point;  the  last 
or  (2Njth  card  is  for  the  calculation  point 
located  (N_)  points  after  the  pitch  point  (or  out¬ 
side  the  pitch  circle).  Tills  last  point  may  also 
be  described  as  the  point  of  contact  on  one  meshing 
tooth  when  the  pitch  point  is  the  point  of  contact 
on  the  next  meshing  tooth. 

For  the  driven  gear  which  is  an  external  gear,  tha 
first  card  is  for  the  calculation  point  located  (N_) 
points  before  the  pitch  point  (or  inside  the  pitch J 
circle);  the  (N_+l)th  card  is  for  the  pitch  point; 
the  last  or  (2Nj)th  card  is  for  the  calculation 
point  located  («  -1)  points  after  the  pitch  point 
(or  outside  the  pitch  circle).  The  point  for  the 
first  card  may  also  be  described  as  the  point  of 
contact  on  or.a  meshing  tooth  when  the  pitch  point 
is  the  point  of  contact  on  the  previous  meshing 
tooth. 
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For  th«  driven  gear  which  la  an  internal  gear,  the 
fir  at  card  ia  for  the  calculation  point  located  (N_) 
points  following  the  pitch  point  (or  outaide  the 
pitch  circle);  the  (H_+l)th  card  la  for  the  pitch 
point;  the  laat  or  (2R_)th  card  ia  for  the  calcu¬ 
lation  point  located  (tL-1)  pointe  before  the  pitch  « 

point  (or  inalde  the  pitch  circle).  The  point  for 
the  firat  card  may  alao  be  deacribed  aa  the  point 
of  contact  on  the  maahlng  tooth  when  the  pitch  point 
ia  the  point  of  contact  on  the  next  meahlng  tooth. 

a.  ZJ1  Deviation  of  the  point  on  the  actual  tooth  profile 

on  the  driving  gear  from  the  true  Involute  (aa  de¬ 
fined  by  the  gear  dealgn  data),  in.  Thla  true 
Involute  la  positioned  relative  to  the  actual  pro¬ 
file  so  that  its  deviation  at  the  pitch  point  is 
aero.  Where  the  deviation  represents  material 
added  to  the  true  involute,  it  la  positive;  where 
it  represents  material  subtracted,  it  is  negative. 

The  deviation  is  measured  normal  to  the  Involute 
profile.  If  the  prof il*  does  not  extend  to  the 
particular  calculation  point  or  if  it  is  known  that 
the  mating  gear  will  not  contact  at  this  point,  the 
deviation  may  be  noted  as  zero. 

Use  coluems  1  through  13. 

b.  UJl  Tooth  support  compliance,  or  any  compliance  supple¬ 

mentary  to  the  tooth  compliance  included  in  the 
analysis,  on  the  driving  gear,  in. /lb.  This  com¬ 
pliance  is  the  deflection  under  unit  load  at  the 
calculation  point  on  the  profile  in  the  direction 
of  the  load  (or  normal  to  the  profile).  A  uniform 
compliance  for  all  calculation  points,  such  as 
would  result  from  a  uniform  gear  shaft  compliance, 
would  not  affect  the  final  results  as  far  as  motion 
irregularities  or  load  transfer  are  concerned;  it 
would  only  increase  the  mean  deviation  in  transmit¬ 
ted  motion. 

Use  columns  14  through  26.  * 

c.  ZJ2  Deviation  of  the  point  on  the  actual  tooth  profile 

on  the  driven  gear  fror:  the  true  ic'uoiute,  in.  The 
comments  under  ZJ1  also  apply  here. 

• 

Use  columns  27  through  39. 

d.  UJ2  Tooth  support  compliance,  etc.,  on  the  driven  gear, 

in. /lb.  The  coements  under  UJl  also  apply  here. 

Use  columns  40  through  52. 
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Cards  8-1  to  8-NUZ  Tooth  load  and  spacing  error  data.  Format  (3E  13.5) 

The  number  of  cards  is  equal  to  NUZ  in  card  2,  and 
each  represents  a  case  for  which  an  individual  set 
of  motion  and  load  data  will  be  computed. 


a.  WT 


b.  VPT1 


Total  load,  tangent  to  the  pitch  circle,  trans¬ 
mitted  by  the  gear  teeth,  lb. 

Use  columns  1  through  13. 

Tooth  spacing  error  on  the  driving  gear,  in.  This 
error  is  based  on  the  distance  between  the  pitch 
points  of  successive  teeth,  but  the  error  is  ad¬ 
justed  to  apply  to  the  direction  of  the  line  of 
action.  This  adjustment  is  accomplished  by  multi¬ 
plying  the  pitch  line  error  by  the  cosine  o£  the. 
pressure  angle.  The  error  is  positive  if  the 
measured  spacing  is  smaller  than  the  desired 
spacing. 


Use  columns  14  through  26, 

c.  VPT2  Tooth  spacing  error  on  the  driven  gear,  in.  The 
comments  under  VPT1  also  apply  here. 

Use  columns  27  through  39. 


Output  Variables  and  Explanations 


Tabulation  of  Input  Data 


Title 

Control  numbers  -  NUZ,  1NT,  NMZ,  MN,  MMM,  as  in  input  card  2 


Design  data 


FI(«I),  FNl(-Nl),  RP1 ,  R01,  RT1 ,  RM1 

THETP,  FNZ(-N2),  blank,  Roz  or  RI2,  RT2 ,  RM2 

Tl,  FI,  RF1,  YEl ,  CE1,  P0S1 

T2,  Fw,  RF2 ,  YE2,  GEZ,  P0S2 

all  as  in  input  cards  2  through  6. 


Calculated  Data 


Incidental  data  -  blank,  RBI,  BA1,  BRl,  ATI 
RP2 ,  RB2,  BA2,  BR2,  AT2 


where:  RP2  -  Pitch  circle  radius  of  driven  gear,  in. 
RBI  -  Base  circle  radius  of  driving  gear,  in. 
RB2  -  Base  circle  radius  of  driven  gear,  in. 
BA1  -  Arc  of  approach  of  driving  gear,  rad. 
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BA2  -  Arc  of  approach  of  driven  gear,  rad. 

(negative  on  internal  gears) 

BR1  -  Arc  of  recess  of  driven  gear,  rad. 

BR2  -  Arc  of  recess  of  driving  gear,  rad. 

(negative  on  internal  gears) 

ATI  -  Angle  of  rotation  of  driving  gear  from 
the  position  at  which  the  line  of 
action  intersects  the  involute  at  the 
start  of  the  involute  profile  to  the 
position  at  which  the  line  of  action 
intersects  the  involute  at  the  pitch 
point,  rad. 

AT2  -  Similar  angle  of  rotation  of  driven 
gear,  rad. 


Check  statement  when  part  of  the  profile  extends  within  the  base 
circle. 


Program  will  continue  in  any  case,  and,  where  necessary,  the  root 
radius  will  be  set  equal  to  the  base  circle  radius.  However,  in  cal¬ 
culating  the  tooth  profile  and  the  tooth  deflections,  the  original 
root  circle  radius  will  be  used  with  the  specified  fillet  radius.  If 
the  root  circle  lies  inside  the  base  circle  by  more  than  this  fillet 
radius,  a  radial  line  is  assumed  to  connect  fillet  and  involute. 

Driving  gear  date  -  Jl,  CJl,  AJl,  QJ1ABC,  XJ1,  XMEl(-X),  YMEl(-Y), 

YJ1 ,  Jl,  QJ1A,  QJ1B,  QJ1C 

where:  Jl  -  Identification  number  for  calculation 
points  (see  under  FI  of  card  4  in  the 
input  data).  Listed  for  values  of 
(-21)  to  (21+1). 

CJl  -  Condition  of  engagement  if  equal  to  1 
and  no  engagement  if  equal  to  zero. 

AJl  -  Angle  of  rotation  from  the  position  of 
contact  at  the  pitch  point  to  the 
position  of  contact  at  the  calculation 
point  -  negative  for  points  inside  the 
pitch  circle,  rad. 

XJ1  and  YJl  -  Coordinates  of  the  calculation 
point  on  the  involute  profile  with  the 
origin  at  the  gear  center  and  with  the 
X-axis  as  the  centerline  of  the  tooth, 
given  only  for  the  points  at  which  con¬ 
tact  will  take  place  with  the  mating 
gear,  in. 

XME1  and  YMEl  -  Coordinates  of  the  point  on 
the  root  circle  midway  between  the 
tangent  point  of  the  fillet  radius  and 
the  involute  profile  extended  (and 
radial  inside  the  base  circle),  in. 

This  point  is  corsicered  to  be  the  end 
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of  the  effective  base  of  the  tooth  ^or 
deflection  purposes. 

Elastic  compliance  of  the  gear  tooth 
acting  as  a  cantilever  beam  in  bending 
only,  normal  to  the  profile  at  the 
calculation  point,  in. /lb. 

Elastic  compliance  of  the  gear  tooth  as 
a  cantilever  beam  in  shear  only;  other¬ 
wise  as  above. 

Elastic  compliance  of  the  gear  tooth  as 
a  rigid  member  rotating  in  its  support¬ 
ing  structure;  otherwise  as  above. 
QJ1ABC  -  Combined  compliance  of  the  three 
above,  in. /lb. 

Driven  gear  data  -  J2,  blank,  AJ2,  QJ2ABC,  XJ2,  YJ2,  XME2,  YME2 

J2 ,  QJ2A,  QJ2B,  QJ2C 

where:  J2  -  Identification  number  for  the  calcula¬ 
tion  points.  For  external  gears,  J2  is 
listed  for  values  of  (-21-1)  to  (21). 

For  this  case,  contact  takes  place  be¬ 
tween  points  of  the  two  gears  for  which 
Jl  *  -J2.  For  internal  gears,  J2  is 
listed  for  values  of  (21+1)  to  (-21). 

For  this  case,  contact  takes  place  be¬ 
tween  points  of  the  two  gears  for  which 
Jl  =  J2. 

All  other  variables  are  similar  to  their  counter¬ 
parts  for  the  driving  gear. 

Additional  input  data  -  WT,  VPT1,  VPT2,  as  in  input  card  8. 

Data  based  on  input  load  WN  - 

QJD 

where:  WN  -  Total  normal  load  transmitted  by  the 
teeth,  lb. 

QJD  -  Contact  or  Hertzian  compliance  combined 
for  both  teeth  at  the  contact  point, 
in. / lb. 

Tooth  meshing  errors  and  loads  -  JC1,  AJC1,  EJT,  WTC,  WTD 

where:  JCl  -  Identification  number  for  the  calcu¬ 
lation  point  on  the  first  tooth  of 
the  driving  gear,  starting  with  the 
first  point  after  the  pitch  point  and 
ending  with  the  pcint  corresponding  to 
the  pitch  point  of  the  next  tooth. 

AJC1  -  Angle  of  rotation  of  the  driving  gear 


QJ1A- 


QJ1B- 

QJ1C- 
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from  its  position  with  contact  at  the 
pitch  point  to  the  position  with  con¬ 
tact  at  the  calculation  point,  rad.  ^ 

The  last  angle  is  the  tooth  spacing 
angle. 

EJT  -  Tooth  meshing  error  or  deviation  from 
pure  conjugate  action,  as  a  pitch  line 
linear  measurement  of  the  motion  of  the  » 

driven  gear  leading  the  driving  gear, 
in.  A  negative  value  indicates  that 
the  driven  gear  fs  lagging  the  driving 
gear,  as  might  be  caused  by  deflection 
of  the  teeth. 

WTC  -  Tangential  load  carried  by  the  first 
pair  of  teeth,  lb. 

WTD  -  Tangential  load  carried  by  the  second 
pair  of  teeth,  lb.  * 

Fourier  Coefficients  -  I,  A,  B. 

where:  I  -  Order  of  the  harmonic  to  which  the 
coefficients  apply.  The  zero  order 
refers  to  the  constant  component. 

A  -  The  Fourier  coefficient  of  the  cosine 
or  real  component  for  that  harmonic  of 
the  meshing  error,  in.  The  value  for 
I  -  0  is  twice  the  constant  component 
or  mean  value  of  the  meshing  error. 

B  -  The  Fourier  coefficient  of  the  sine  or 
imaginary  component  for  that  harmonic 
of  the  meshing  error,  in. 

Program  Listing  of  Source  Deck 

This  program  was  written  in  FORTRAN  II  -  Extended  and  may  be  compiled  with 
FORTRAN  IV.  It  was  developed  on  the  IBM  1800  Computer.  In  the  source  deck 
listing  which  follows,  the  READ  and  WRITE  statements  are  written  with  the 
variable  NR  to  specify  the  reading  unit  and  with  the  variable  NW  to 
specify  the  writing  unit.  To  recompile  the  program  for  the  IBM  7090,  in¬ 
troduce  the  required  unit  numbers  by  making  the  necessary  changes  on  the  a 

cards  as  noted  in  the  listing. 

In  addition  to  the  controlling  portion  of  this  gear  calculation  program, 
named  GEARO,  there  are  three  subroutines.  The  first,  AJCDH,  in  turn  calls 
the  second,  CALCJ.  Both  of  these  are  used  in  the  gear  calculation  proper.  # 

The  third  subroutine,  FOUR,  performs  the  Fourier  analysis. 

Running  time  on  IBM  1800  was  approximately 

3  minutes  for  a  first  case  with  23  calculation  points  and  one 
set  of  load  and  profile  data 
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1.2  minutes  additional  for  each  similar  case  with  new  design  data 
1  minute  additional  for  each  new  set  of  load  or  profils  data. 


t 


GEAXO  -  Ggar  Tooth  M>»hln«  Dwvl«tlon« 


"DIMENSION'  ■  ‘UJC1  (25  i  .UJDl  ( 25 )  «uJ’7 (TB 1  *uJC?r75')  »UJD?  ( 25 1  .2J1 ( 561 
1.ZJC1(25),ZJD1(25),ZJ2(50).ZJC2<25)  .Z  JD2( 25 ) .OJ1 (50) »QJC 1(25) .QJD1 
2(25)  »0j2  (  50  )  .QJC2I25)  .  r  J1  (  50  )  .  JJ1  (  50  1  .  Z~JC  1  (  2 

35I.CJD1I25).  AJ1(50).AJ2(50).QJCI50)  .OJDI  50 >  .  Z JC (50)  .ZJD( 50 

4)  ,V/j<  50)  »£J1(5Q)iFJ2(50)  iTOCTTT51  » A  J  0  2  (  2  5  I  .  F  J 1 1  I  2  5  )  (  Q  JDl?  (25)  »ZM2( 
550 ) » UM2 ( 50  ) 

COMMON  P* J < 50)  »CJ(50 )  .OJ(  50) .AJ<  50 ) .XJ(50l .YJ( 50)  *A  125)  »B(25 ) »G( 501 
COMMON  DD.bR.BA.FJ.CC.YM.NN.N.FNJ.EP.TAN.RB.GM.F.XM.MN.l 1 ,M 
COMMON  OA(  5"/)  »QB(  50  )  .OC  (  50)  .QA1  (50  )  .OP1  (50)  .OCl  (  50  )  .QA?  (  50  )  .QB2  (  50 
1 ) »QC2 ( 50  )  ♦  I H  *  I P 

C  SPEOIFy  A  NO  rNTTTALm  READING  AND"  wRTtl  R3  UNITS  FOR  IBM  1800 

NR _ =  _2_ _ _ _ 

N  W«  3" 

19b  READ! NR *100) 

READ(NR.117)NUZ.INT.NMZ.MN.MMM 

_ RE API  NR . 1  1  2IFN1.FN2.RP1.THETP.R01.R02 _ 

READ(NR.112)RT1.RT2.RM1,RM2,FI,T1 

_  READ(NR.H2)T2.F1,F2.RF1  .RF2 _ 

RFAD(NR.112)YE1.YE2.GE1.GE2.P0S1.P0S2 

WRITE(NW.IOO) _ 

WR I TE ( NW  » 1 0 1 ) 

_ WRITEINW.108) _ . _ 

WRITE(NW,109)NUZ.INT.NMZ.MN.MMM 

_ WR  1  TE  (NW  .  104  ) _ _ _ 

W  R  l TEINW.1C2  IF!  .FN1 .RP1.R01 »RT1 »RM1 

_ 1F(MN)  31  1  .510.511 _ _ _ 

510  WR I TE ( NW . 103  I 

GO  TO  512 _ __ 

511  WRITE! NW . 160  ) 

512  WRI TE(NW.  1  58  )  THETP.FN2.R02.RT2 .RM2 _ 

WRITE! NW. 1051 

WRITE(NW.I02)T1.F1,RF1.YE1.GE1.P051 _ 

WRI TEINW, 107  ) 

_ WRITElNW.102)T2.F2»RF2.YE2.Gr2.P052 _ 

WR  I  TE ( NW . 1 64 ) 

_ 1  F ( F  1  -F 2  )  320.320.321 _ 

321  FF2*F2 

_ GO  TO  322 _ 

320  F F 2  =  F 1 

322  F  F  2  *F  F  2**0  »  8 _ _ _ _ _ 

THETP=0.01 7453239‘THETP 

_  IF(MN)  304.303.304 _ 

303  T  2  - - T  2 

304  DPI  «-Tl /2.0/RP1  +  THSTP _ 


F12*FN1/FN2 

RP2«RP1/F12 


DD2«-T2/2.0/RP2+THETP 

FN J  *  2 • 0*F I +1  .0 

n  =  fnj 

NN=N+N 

CS«COS  (THETPI 

SS=  S I N  ( THE  TP ) 

TAN*SS/CS 

EP1«1.0-POSI»POS1 

EP1«YE1/EP1 
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— UlliiWUilfcgl 


w«v ’  •K***st 


^  .»i '  t  ■  *  *■ 


EP2  =  1 •  C-P0S2  *P0S2 
EP2=YE2/EP2 

E>12= ( 1 .0/EP1 +1 .0 /EP2 ) »C.5 
•  EP12=EP12**0.9 

RBI -RP1 *CS 
RB2=RP2*CS_ 

C  1  =  R01 /Rdl 
C2=R02/Rd2 

BR2  = ( SORT  (  C 2 * C 2 - 1 , 0 ) - T  A N ) 

m  BR1  =  ( SQRt  (  C  1  «C 1 - 1 . 0 ) -T AN ) _ 

C  3  *  T  AN /F 1 2 

IFIBR1-C3  403*403 .40^4 
404  BR1 =  C3 

WRI  TE(  NW,  126  )  BR 1 
403  B A 1 =  B R 2 / F 1 2 

BA2  =  BR 1 *F 1 2 _ 

IFIMN)  440  *430*4  40 
450  B  A 1 =-B A  1 
B  A  2  =  -  B  A  2 

440  IFjBAl-TAN)  401*401*402 
”  402  BA  1  =  TAN 

wRITEINW.125 ;BA1 
401  0=6.2  831  8  4  5 7  F  N  i 

IF(BAl-Cl)  213.213.611 

611  WRI  TE(NW.  1  74  )’ 

213  IFIBR1-C1 )  215,612.612 

612  WRI t E ( NW .175) 

215  C  1  *RT 1 /RBI 
■'C2  =  RT2/RB2 

Cl_  -SORT.  (C1»C1-1  .0  )-_TAN_ 

'  ATl-ABS"  (Cl”) 

_C2_=5CJRT  I  C2  *C2- 1  •  0  )  -  T  AN 
A  T  2  *  A  B  S  ("C2”) 

WRI TE i NW.  122  )  _  _  _ _ 

wRTfE  (  NW  ,  139  j  RB  1",  B A  1  »"bR1  ,AT1 
WRITE(NW,162  ) 

WRITE(Nw,102)RP2.RB2.BA2.BR2»AT2 
j_F(ATl-BAl)  31  1  .215 .216 
311  WRITE (NW.l 761 

216  I F ( AT 2-BA2 )  309,21  7,217 
339  IF(MN)  620.621.620”" 

_  621  WRITEINW.17P  ) 

GO  TO  217 
620  WRITE! NW ,179) 

2T7  I  F ( RM1-R31 )  T9l .192.192 

191  RM1 =RB 1 

- WRI TE ( NW . 1 1  a  >  RMT - 

192  AMI =RM 1 /RBI 
Cl=AMT 

ami=sort  ( ami *ami -i .c i -tan 
r  C2^RFT7PB1 

PF 1  =C2 

- CSiRT+7n'*»2-T'.TJ 

I  F ( C  3  I  406.406.407 
406  P01 *0  •  0 
T  PD1 *0 . 0 

WR I TE ( NW,1^6)Pbl 
GO  TC  408 

■  407  P6r»50RT  1C*) 

TPD1=ATAN  (PD1) 

4C8  ITTRMT-Rir5")  T93.T94.F54 
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193  RM2 -RB2 
WR! TE ( Nw « 1 1 9 ) RM2 

194  AM2*RM2/RB2 

C 1 = AM2  * 

Sm2*£GRT  (Tm? *Xm2-1  .T )  - 1 a n 
C2=RF2/RB2 

"PF2-C.2  '  " 

1F(MN)  456.456.456 

455  C2--C2 

456  C  3  * (Cl+C2)**2-1.0  * 

I F ( C 3  )  409.409.410 

409  PD2  *0 . 0 
TPD2-0.C 
WR I TE  <  NW* 1 55  > PD2 
'GO  TO  411 

410  PD2  -EURT  ( C  3 ) 

T PD2* A T  AN  ( PD2  ) 

411  K  1M _ 

E1-PF1 

E2-PD1 _ _ 

E3  *  TPD 1 
E4-RM1 
DD-DD1 
C1-AM1 

201  C2-DD+C1 

C  1  =  A  T  AN  (_TAN*n_l _ _ 

C4-C1-C2 

C3-E3-E2-PD+TAN _ 

I F ( K 1  - 1  I  422.422.425 

I  425  I  F  <  MN  >  422.421  .422 _ _ _ 

421  C3--C3 

_  C4--C4 _ _ 

422  C1-C3+E1 

C4»(C1+C4)«0.5 _ 

Y»E4*S1N  (C4) 

X  »E4*C05  (C4) _ 

I F I K 1 - 1  I  202.202.203 

202  XM1-X _ _ _ 

YM1»Y 

K  1  1  -*•  1 _ 

DD-DD2 

C1-AM2 _ _ _ 

E1-PF2 

E2-PP2  _ _ _ 

E3-TPG2 

E4-RM2 _ 

GO  TO  20. 

203  XM2-X _ 

YM2-Y 

EE-6.2831 8  54 /FNJ _ _ _ 

CC-EE/FNl*  * 

FJ  ■— F N J* 1 « 0 _ 

RB-RB1 

BR-BR1 _ _ _ 

BA-BA1 

PD-DP1 _ 

XM-XM1  ^ 

YM-YM1 _ 

GM-GE1 

F  «F  1 _ 

»  1-1 


Ep=£P1 

WRITE<NW.151  ) 

CALL  AJCDH 

DO  221  [M_;_NN  _ 

9  c  r  =  x  j  1 1 ) 

C  2  *YJ<  1  ) 

rjimipjii) 

_ C3fQJJIl_  _  _ 

a  j i r i )-aj( 1 1 

0J1 ( I ) =  QJ( I ) 

*  lHl=IH 
I  PI  =  ]P 

QA 1 7 1 )  *0A  ( I ) 

_ OBJ  (  I  )  =09  (  I  )' 

ocfi  n «oc ( 1 1 

I  F ( C  3 l  515.515.516 
5  1  5  W  R I  T  E  (  N  W » 1 02  >-F  J 1  i  I  !  » C  3  » A  J 1  I  f  I 
GO  TO  221 

5  76  WR IT  E  !  NW .  1  02 >FJim,C3.AJl(Ii.UJHI),Cl»C2 
_22_1  CONTI  N.JE 

"wR  I  T£(’NW .  1 20  i  XM]  ,  ymi 
WR  I_T£  (  NW.  1_61  I  _ 

DO  517  1=1  HI , I  PI 

517  WRI  TE  (  NW.  1CL2  >  F  J1  (  I  i  .QA1  (  I  I  ,3B1  (  1  >  .QC1  <  I  ) 
DD*DD2 

RU=RB2 
'  "X M  »  X M2 
YM*YM2 

I  "F  ( MN  )  3‘52 .301  7302 

301  FJ»FNJ _ _ _ _ 

GO  TO  310 

302  F J=-FNJ 

-no"T=?i 

EP*EP2 

GMlGE2 

CC*EE/FN  2 _ 

WRI TEINW. 152 ) 

CALL  AJCDH 
L=NN 

00" 222  I  =  1  .NN 
C  A  »  X  J  <  I  I 
C  5  *  yjTTT 

IH2*IH 

~~~~~TPT*TP~ - 

QA2 ( I  I =QA (  I  ) 

QB2II 1 =Q6( I)  ' " 

QC2 ( I )*OC(  I  ) 

- Pj2,  j  )iprj<  [  , -  — -  — 

C1*AJ( I  1 
A  J2  <  L  )  -  C  1 

*  C2*QJ<!l 

- flJ2,LTVf2 - —  - - 

IFIC21  519.510.519 

518  wR!  tE ( Kiw 1 1 12  )  F j? (  n  ,ci - - 

GO  TO  520 

519  wR  1 TE rfTwTl  32  )T J?T  HTTITfl - 

520  IFIL-ll  222.222.226 

*  528  L«L-1 - 

222  CONTINUE 

WRITEINW.120 IXM2.YM2 
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V  R  I  T  T  (  N  ,167) 
no  521  I  =  J  M  2  f  IP? 

521  WIU  TE(NW»1C2  )F  J2  (  I  )  ,GA?  (  I  )  ,U62  (  i  )  ,UC2  (  1  > 
DO  251  1=1 . N 
IN- I  +N 

FJC  1  (  I  )  =FJ1 (  I N) 

A  JC  1  (  I  )  *  A  J 1  (  i  M 
A  JC  2  (  I  )  =  -A  J?  (  IN) 

Q.J01  l  I  )  =  3J1  (  I  ) 

ujci  ( i  i=;.ji  (  ini 

QJC2I  I  )  -u  J2  I  If.) 

QJ'J2  (  I  )  =  OJ2  (  I  I 
r JD1  (  I  )  =CJ  (  I  ) 

251  C JC  1  (  I  )  =CJ  I  IN) 

vnz=  1 

v'iZ  =  l 

10  7  P  I  T  T  (  N  .  1 1  "  ) 

L  *NN 

20  2-9  1  =  1.  NN 

HEAD!  NR,  1 12  IZJ1  (  I  I  .O'J  1  (  I  )  .2  J2  f  1)  .  JJ2  (  I  I 
.vR  I  TC  IN.. ,  102  )  ZJ1  (  I  )  ,'JJ1  (  I  )  ,2  J2  I  I  )  .'JJ2  (  I  ) 
Z  ‘>'2  (L)=ZJ2( I  ) 
t#'2  (  L  )  =  IJ  J  2  (  I  ) 

IF(L-l)  2.9,2:)9,225 
22  5  L  =  L -  1 
2uS  CONI INUF 

DO  Mb  1  =  1  ,M 

I  N* I ♦ N  _ 

UJD1  (  i  I  = JJ1 (  I  ) 

U JC  1  (  I  ) =U J]  (INI 
UJC2I  I  )«UM2(  IN) 

UJD2I  I  )='J’12(  I  ) 

ZJD1 (  I  I  =  ZJ1 (  I  ) 

ZJC1(  I  I=ZJ1(  IN) 

ZJC2I  I  )=ZM2( IN) 

Z JD2 (  I  )  =ZM2 (  I  ) 

0  JC  (  I  )  =LI  JC  1  (  I  )  +UJC  lli)  +  JJC2  l\l  )  +UJC2  I  I  1 
Q JD  C I  )  *3JD1 ( I 1 +UJD1 I  I  ) +GJU2 ( I  I +  UJD2 (  I  ) 
415  ZJC (  I  )  =ZJC1 (  I I+ZJC2 I  I  ) 

199  RTADI  NR,  1  IZl'.vT  ,VPT  1  ,VPT2 
WRI  TF  (N.v,  105  ) 

aRI TF ( NO , 10? ) WT , VPT 1 , VPT2 
V.  N  =  W  T  /  C  S 
VP1=VPT1/C5 
VP2=VPT2/Co 
WRITE  IN.’.,  171  )  v.  N 
IF(WN)  214,214,418 
418  Cl  =WN*»i).l 

0D= 1 . 3  7/FF2*"Pl 2/C  1 
WRI TF ( NW, 1 7  )GD 
a  R  I  T  E  1  N  w  ,  1 1 5  ) 

DO  501  I = 1 , N 

Z  J  D  (  I  )  =  Z  J  J 1  I  I  I  *  Z  J  J  2  (  I  )  •*■  V  P  1  -  V  P  2 
CCC  =ajCII)+GD 
ODD  =GJ')(II,OD 
Cl =r  JC  1  (  I  ) 

C2  =  C  JDl ( I ) 

IF(Cl)  256,256,257 

256  I  I  ( C2  I  501,501,258 

257  IFIC2)  255,259,260 
259  VJI  I  )=ZJCI  I l-CCC  *aN 
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wmmrmmmmn  whw 


WTi*WN#CS 
WTD*0  •  0 
GO ' TO  261 

258  V J ( I ) «ZJD< I )  -ODD  *WN 

WTC*0 •  0  ~  '  '  . . — . -  . . ' 

WTD*WN*CS 
GO  TO  261 

260  C3=CCC  »WN+ZJD(I)-ZJC(  1  ) _ 

C4=DDD  *»IN  +  ZJC (  I  I-Z JD(  I  ) 

I F  <  C  3 )  259.259.262 

262  I F  <  C4  )  258.2507263 

263  C 1 =CCC+DDD 

C 2  =  C C C  *ZJD(  I  l+DDD  *ZJC( I )-CCC*DDD*WN 

V J ( I ) =C2/C 1 

Cl=CS/Gl  - 

W TC  = I DDD*WN+ZJC (  I  )  -Z JO (  I ) I *C 1 

WTD= ICCC*WN  +  ZJD(  II-ZJCI I  I )*C1 

261  EJl^l  I  )fVJ_l_iJ/CS _  _ __ 

WRI TE ( NW, 102 IFJC1 f 1 ) » A JC  1(1) »EJ1 (  I ) .WTC 7wTD" 

_5  0 1_  _C  ONT  1  NUE_  _ _ 

M«K1 

WRI TE ! NW.  128  I 

DO  20  T»T7R 

10  Gil  I *E J 1 !  I  ) 

22  CALL  FOUR 

U*NHH4] 

*oo‘  5 1  i*i7ll 

LP* 1-1 

1 1  “WR  rt  £  X  N  w .  1T9TT PTa  (T i  ,  B  ( TT 
24  1 F  (  NUZ-MUZ  )  504.504.502 

502  MUZ “MUZ  + 1  ■ 

GO  TO  199 

504  MUZ*1 

IF(NMZ-MMZ)  214,214.506 

506  Mmz «mmz+1 

GO  TO  197  _  _ 

~TI 4  TFTTfiT  |  "50  37198  , “503  *  * -  - - 

503  CALL  EXIT 

~“T00'F7RM*T<72H1 -  ~  “ - 

1  ) 

I7T~F ORW ATT72H0 — P703TF=70FP7T*7  TONS' OF  GEAR  TOOTH  mEShING  ERRORS - 

1  3-22-1966  ) 

1C2'ToRmaTT6I  1 3 75  ) 

103  FORMAT ( 12H0  PRE . ANGLE7X2HN224X3HR J 2 1 OX3HRT2 10X3HRM2 ! 

'  TO 4  FORMAT  (/7V17Tir/rrfNll lx3NRFrr0r3HR0nCX3HR'fIT5X3HRMl  )  ~  " 

105  FORMAT (/6X2HT111X2HF111X3HRF15X1 2HYQUNGS  MOO-1 2X 1 1 HSHEAR  M00-12X11 
IHPO'5. RATIO-1  I 

106  FORMA T ( / / 5 4H  INPUT  DATA  ON  TANGENTIAL  LOAD  AND  TOOTH  SPACING  ERROR 
“  1/6X2HWT10X4HVPT1 9x4hvRTT1 

107  FORMAT ( /6X2HT2  1 1X2HF21  1X3HRF25X1 2 H YOUNGS  MOD  - 22X1 1HSHEAR  MOD-22X11 

rRPOs“rR7rro“-Ti - "  ~~ 

108  FORMAT ( 62H0  SETS  OF  VP  INPUT  SETS  OF  U.Z  DIFF.GEAR  N.OF  HA 

1RM0NIC j 

109  F0RMATI4XI4, 4(8X14)  I 

”110  FORMAT ( 60HCTNPUT  LlSTTNCTOF  PROFILE  ERROR  AND  SUPPLEMENTARY  OOMPLT 
1ANCE/6X2HZ11  1X2HU111X2HZ21 1X2HU2I 
112  FORMAT<6E10.5  I 

115  FORMAT (42H0CALCULATED  TOOTH  MESHING  ERRORS  AND  LOADS/ /6X 3HJC 19X4HA 
- D7I6XnHT*N'G7  CRRCTRT&X3HWTC1  (1X3HWTD 1 - 

117  F0RMATI5I5 ) 

118  FORMATT77HODRIVTW~5FAR  INPUT  ROOT  RADIUS'  5MA LLER*  THAN  BASE  CIRCLE 
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1  RADIUS-CHANGE.!)  T0//6H  RM1*.  E13.6) 

119  FORMAT ( 74H00R 1VLN  GEAR  INPUT  ROOT  RADIUS  SMALLER  THAN  BASE  CIRCLE 

1  RADIUS-CHANGED  T0//6H  RM2*.  £13. 6) 

120  FORMAT (48HOCOOD.  OF  EFFECTIVE  TOOTH  PROFILE  AT  ROUT  C I RCLE1 1 X 1 HAl 3 
1X1HY/52X.2E13.6) 

122  FORMAT (/19X3HRBI 10X3HBA! ’0X3HBR11CX3HAT1 I 

125  FORMAT  1 66M0  DRIVEN  GEAR  TEETH  ENGAGE  UNDER  CUT  PORTION  CF  DRIVING 

1GEAR  TEETH//6H  BA1*.  E13.6I 

126  FORMAT  ( fc6H0  DRIVING  GEAR  TFETh  ENGAGE  UNDER  CUT  PORTION  Gc  DRIVE.. 

1GEAR  TEETH//6H  0R1  =  .  C13.6) 

128  FCRMAT(43H0CALCULATFD  FOURIER  COEFFICIENTS  FOR  ER OR S //?•<“  ! 

1 5HA (II  l 3X4HB ( I ) ) 

129  FORMAT! I 7.214X  F14.7)) 

132  FORMAT  (  E13.5.13X.4E13.3 > 

151  FORMAT  !  /6X2HJ1 1  lX3HCJllCX3HAJleX6H0JlAeC9X3MX_-i.  :  *  jn'.l  ) 

152  FORMAT  I  /6A2HJ224X3HAJ2dX6HCJ2AOC9X3HX_'2  10X  ,;.) 

155  F  ORMAT 1 75H0DR 1 VEN  GEAR  INPUT  RADIUS  TO  FILL"’  CENTCR  fScR‘  •:  >:D  TO 
1  BASE  CIRCLE  RADIJS//6H  PCI*.  L13.6! 

156  F  ORMAT  I  75H0DR  !  VI  NG  GEAR  INPUT  RADIUS'  TO  FILL  FT  CENTER  INCRT  TC 

1  RASC  CIRCLE  RADIUS//6H  =02*.  E13.6! 

158  FORMAT  I 2E13.5 ,1 3X, 3.5 ! 

159  FORMAT  1 13X.4E13.5 1 

160  FORMAT! 1 2hC  PRE.ANGLE7X2 tN224X2hR02 IOX’hR T 210X3MRM2 I 

1 6 1  FORMAT ( /6X2h J 1 10  X4HO J 1 A VX4HG J 1 69X4Hy J 1 C I 

162  FORMAT  I /6X3HRP21CX3mR3210X 3HBA2 10X3HBR21 0X3MAT 2 ! 

163  FORMAT ( /6X2HJ21CX4HGJ2A9X4HOJ2B9X4hOJ2C ! 

164  FORMAT! //16H  CALCULATED  nATA I 

170  FORMAT (43H0CALCULATEO  TOTAL  CONTACT  COMPLIANCE  QjD*.C13.6) 

171  FORMAT  (23H0CALCULATF0  NORMAL  WN=  .  F~13.~6t  ~  ~ 

174  FORMAT (80HC  ANGLE  OF  APPROACH  ON  DR  I V I NG_GE AR  IS  GREATER  THAN  TOOT 
1H  SPACING  ANGLE.  PROGRA.V/25HCGNT  I NUED  WITHOUT  OVFRLAP  i 

175  FORMAT  (75H0  ANGLE  OF  RECESS  ON  DR  I VI NG_GEAR  1 5_  NOT  SMALLER  THAN  TO 
10TH  SPACING  ANGLE.  /34m  PROGRAM  CONTI NUED  WITHOUT  OVERLAP, 

176  FORMAT ( 80HC  DRIVING  GEAR  TEETH  MFSHINC  0N_9R0FILE  INSIDE  OF  TIE  01 
1AMETER.  PROGRAM  CONTI NU-/21HED  WITHOUT  CORRCCtlON! 

178  FORMAT  1 89H0  DRIVEN  GEAR  TEETH  MESHING  ON  PROFILE  OUTSIDE  OF  T  T  F  0 
1 1 AMETER.  PROGRAM  CONTI N-/22HUED  WITHOUT  CORRECTION) 

179  FORMAT  (  SOHO  DRIVEN  GEAR  TEETH  MESHING  ON  PROFILE  INSIDE  OF  P.F  DI 
•  1ANETER.  PROGRAM  CUNT  I NU-/ 2 luED  WITHOUT  CORRECTION) 

END 

//  FOR  AJCDH 


SUBROUTINE  AJCDH 

DIMENSION  SDCSO)  .C0I50)  »BIK(50)  .AIM50)  .FUC<50>  .CDCi‘5'0)'' 

COMMON  PJI50  )  .CJI50  )  .UJI  50)  .AJ(  50  !  .XJI50)  .YJ1  501  .A  '  25)  .j5l25)  »G!j>0) 
COMMON  DD.BR.BA.FJ.CC.YM.NN.N.FNJ.EP.TAN.RB.G '..F.XM.MN.II.'M 
COMMON  QAI 50  I .00(50) »GC ( 50) ,0A1  (50 ) .061 1 50) »Q(  1(501 .0A2 ( 501 .032(50 
1) •3C2(5C).IH,IP 

DC  106  1*1. NN  _  _  _ 

0A( I )*0.C 
OB ( I ) =0.0 
GC (  I  )  *0 • 0 
QJ( 1 1*0.0 
XJ(I)«O.C 
106  YJ( I )*G.O 

IF! I  1-1 )  405.405.4C3 

405  MM*  l  •  C  _ _  _ _  _ 

GO  TO  404 
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4.  C  •'MxMty 
4  04  <.-•! 

DC  5ui  I  x ! ,N\ 

AJl I 1 ?F J*CC 
FJI  I  )=r  J 

IF(  !  I-l  I  4.2,412.41  3 

412  CALL  CALC.M  AJ(  '  1  .(SR.3A.XY  i 
CJi I >=XY 

GC  TO  4 i 4 

413  X>  *CDC ( ! ' 

414  1MXYI  503.5v3.lC; 

101  102,1.02.1:3 

102  !H* I 

123  A X* A J i  1 1 
DJ»DC*AX 
SD  C I ) ■£ IN  OJ! 

CD«I»*C05  «DJ) 

Cl  *ATA\  ,  Tl\o>| 

C  3*CC  3  (CM 
C4*Cl-Dj 

Ifivvi  4C2.-.C1  »-iC  ' 

401  '*4*— C  4 
4v2  C5-«SIN  IC4- 
C6*C0.S  (C.4> 

C1*R0/C3 

XJi I )*Cl*CC 

YJ! 1 1*C1»Cj 

I  F (  k.-l  i  242. 242. 24* 

242  8  1X<  I  1  *  C YJ(  I  1  *«X  +  Y'***3  ■  /3.'*F 
»  IM  I  I  ■  (  Yj(  [  i  *YM)  *F 

eLX  (  !  )  *XJ!  T  -x;4 
GC  TC  504 

243  BI<<ll*tYj(;)«*J*YJ(I-ll**31/3.0»F 
A 1< ( l ) s ( YJ< 1  ) +Y  J ( !- 1  )  )*F 

Fi.isi :  )  =  xji  i  -  -xji  :-i  i 

504  X*<+1 

503  IFlI-NN)  502. 501.501 
50?  tF(MW,j  5  ;fc,505.5:  6 

505  FJ*FJ-;. 

GO  T0  501 

5j6  r J=FJ+1.C 
501  CONTINUE 

IfllI-1'  301.3j1.302 

301  I' (MV.  601.3  2.601 
601  u*NN 

00  303  1=1, NN 
COO  !  i  *C  JCLL  • 

I'ILl-M  303,303.305 
305  LL*LL-1 
303  CONTI NDt 

302  IP=K*IH-2 

410  DO  246  L s I H . I P 
E 1  *  C  •  0 
F2*C.C 
E3«0.C 
E4-0.C 
EE*XJIL)-XY 
I  M*L 

I F (MM)  202.2C3.2C2 
203  EE— EE 
202  DC  245  I*IH,IM 
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$ 
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Cl  -XJ(L)-XJd) 

C5*FLK(  I  ) 

IFIMM)  207.208.2C7 
C1*-C1 


C5  — C5 

207  C2-C 5/b I K ( I ) 

C  3»  (  C5  +  3  .')*C  1  )  »f  s  +  .  .r*n  *r  i 
E4..C44C2 

C.*2.0*C1+C5  *  - 

F  1  *E  1  +  C  3*C2 

C2*E2+C4*C2  —  - 

245  ’1 3  *C  3  +  C  5  /  A  I  X  I  I  ) 

1CIMM>  206.2C5.2C6 

205  I  N>  -=  f  M- 1 

206  C 1 *CO ( L ) *CD ( L I  . . 

C  2  »5D  I L ) *Y J I L  ) 

OAILI  »C  1/3."*E1 /EP+I  C2»C4-CD(L  )  »E2  ) /EP'*C2  “ 

QBIL)  *C1 /GM*E3*1 .2 
C1*(EE*CD(L)-YJ(L)*SD(LI  )  / YM 
CJC(L)*C1/EP*1.327/F*C1 

246  3J I L ) - 3A ( L ) +  UB I L ) +QC ( L I  '  " - 

RETURN 

END  —  - 


Subrout  lB«  POM 

SUBROUTINE  FOUR 

COMMON  PJI50I  »C  J  I  50  )  »3J  I  50  ) . AJ I  50 ) .XJ I  50 ) .Y J( 50) 
COMMON  OD.BR.BA.FJ.CC . YM , NN . N . FN J . EP . f AN .RbYgv . F 
C*1.0 


25 ) 
.XM'.MN 


s*e.o 


N1*M+1 

AN*M 

N2=M»2 

T1*2.0/(2.0*AN+1.0) 
T2=T1*3. 1415927 
Ci’COS  (72) 

S 1 *S I N  (T 2) 

DO  7  IP*1.N1 

UL-o.g 

U2*C.0 
DO  3  I  *  1 .N2 
J*N2-l+2 

U3«G( J)+2.0*C*U1-U2 
U2*U1 
3_U1»U3  _ 

A  (  fPf»Tl*IGU  )*C*U1-U2  > 
B ( I P )  =  T 1 *5* J 1 
Q*C1*C-S1*S 
S*C1*S+S1*C 
7  C  =0 
RETURN 
END 


SUBROUTINE 

CALCJICl  .C2.C3.e4)" 

IFIC3) 

240. 

231.241 

241 

IFICl > 

230. 

218.218  “ 

230 

I F ( AbS 

IC1  ) 

-C3)  220.220.219 

231 

IFICl) 

219. 

218.218 

206 


» 


t 

s>, 


x 


Input  tinting  of  Snnpln  C«»« 

UPPER  SUN  DRIVING  PLANET 


-  CASES  108.  8-14-67 


c7. 

3.253-5  _  . 

.1896 

dil-UQilililU. 

•  c 


1  __  1.  I 
31  . 

I  t  7  4 20 
1.54 

3.0u.UjXoOJJ« 


3.3530 
3  tli  9 
1.333 
1160-G.QOO « 


22. 

1.6825 

.056 

11600000. 


3.4398 

12. 

.056 

.3 


.c 

_.U  . 

.0 

.... 

• OUOu3 


.00039 

.Q0012 

.00015 

.00022 

.00026 

.0003 

.0003 

.00036 

«.fl0022- 

.00018 

.00015 

.00012 

« QU0o9 

. 000u6 

.00003 

.0 

.OU0U5 
.0001 
. .CQQ15 
.0002 
_«XlUfl2.5L  . 
.00025 


.00021 

.00018 _ _ 

.00015 
_» QQQ1.2 
. OOOU9 
.QQ006 _ 


>  OOOU3 
iXL _ 

.0 

iH _ 


.0 


.0 


.0 

XI 

.0 

.0 

2500. 
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r'  t~>.  n'W*"** 


1.9405 

.175 

.3 


r,rv  7+ 


CLBV  GEARO  LD  XQ 

♦  _ 


UPPER  SUN  DRIVING  PLANET  -  CAS5S  10.8,  8- 1  m-67 


PN033. 5  COMPUTATIONS  OF  GEAR  TOQTH  MESHING  ERRORS 


3-22-1966 


_ wr 

i 

■ijvrw ! _ 

0 

1 

uirr  iULMPi  ii.ui 

1 

L _ ntii\nuiuL 

6 

i 

Nl. 

RP1 

RDl 

RT  1 

RM1 

0. 12000E 

02 

0 ,  57000E 

02  O.33530E  01 

G.34398E  01 

0.32535E 

01 

0.3199CE 

01 

PRE. ANGLE 

N2 

k02 

R  T  2 

R  M2 

0.22000F 

02 

0.31000E 

02 

0.1 9405 E  0] 

0. 17430E 

01 

0. 16P25E 

01 

T  1 

FI 

RF  1 

YOUNC.'  MOD-1 

SHEAR  MOD-1 

PUS. RATIO-1 

0.17500E 

00 

0.1 5400 E 

01  0 . 56000 E-0 1 

0.300002  08 

0.  1  1600E 

08 

0.300006 

PP 

T  2 

F2 

RF2 

YOUNGS  MOD- 2 

SHEAR  MOD-2 

PUS. RATIO-2 

0. l8960t 

06 

0.13330E 

7)1  0. 56OOOE-0  1 

0.30000E  08 

0. 1  1600E 

08 

0.30000E 

00 

CALCULATED  DATA 

RBI 

BA  1 

8R1 

ATI 

0.  '  1088 E 

01  0.865  75E-0 1 

0.6951 7E-01 

0.95442E- 

-01 

RP2 

RB2 

BA  2 

BR2 

A  T  2 

0.18235E 

01 

0.16907E 

01  0.12782E  00 

0.15918E  00 

0. 15357E 

00 

DRIVEN  GEAR 

INPUT  ROOT  RADIUS  SMALLER 

THAN  BASE  CIRCLE  RADIUS-CHANGED  TO 

RM2*  0. 169077E  01 

J1 

CJ1 

A  J  1 

OJ  1  ABC 

X.l) 

YJ1 

-0.24000E 

02 

O.OOOOOE 

00  -0 . 105826  00 

-0.23000E 

02 

0.00000  E 

00  -0.10141E  00 

-0.22000E 

02 

O.OOOOOE 

00  -0.97003E-01 

-0.21000E 

02 

O.OOOOOE 

00  -0 .92 594E-0 1 

-0.20000E 

02 

O.OOOOOE 

00  -0.88185E-01 

-0.19000E 

02 

0.10000E 

01  -0.83775E-01 

0. 16844E-07 

0.32622E 

01 

0.11693b 

00 

-CT.  1 800QE 

02 

0. 10000E 

01  -0 . 79  366E-0 1 

0.1  8320E-07 

0.32665E 

01 

0. 11572E 

00 

-0.17000E 

02 

0.10000E 

01  -0 . 7495  7E-0  1 

0.  19863E-07 

0.32708E 

01 

0. 11448E 

00 

-0  •  1 600(5 E 

02 

0.1000GC 

01  -0 . 70548E-0  1 

0.21479E-07 

0 . 32  75 1 E 

01 

0. 1  1321E 

00 

-0.15000E 

02 

0.10000E 

01  -0.661 38E-0  1 

0.23171E-07 

0.32796E 

01 

0. 11189E 

00 

-0.14000E 

02 

0.10000E 

01  -0.61729E-01 

0. 24945E-07 

0.32840E 

01 

0.11054E 

00 

-0.13000E 

02 

0.10000E 

01  -0 . 57320E-0 1 

0. 26807E-07 

0.37885E 

01 

0. 10915E 

00 

-0.12000E 

02 

0.10000F 

01  -0.52911E-01 

0. 28762 E-07 

0 .32931 E 

01 

0. 10773E 

00 

-0.11000E 

02 

0.10000E 

01  -0 . 48  50 1 E-0  1 

0. 3081 7E-07 

0.32977E 

01 

0. 10626E 

00 

-O.lPOOOE 

02 

0.10000E 

01  -0 . 44092E-0 1 

0.32978E-07 

0.33024E 

01 

0. 10476E 

00 

-0.90000E 

01 

O.IOOOOE 

01  -0 . 39683E-0 1 

0.  35254E-07 

0. 3307  IE 

01 

0. 10322E 

00 

-0.80000E 

01 

0.10000E 

01  -0 . 352  74E-0 1 

0.  3  7651 E-07 

0.33119E 

01 

0. 10163E 

00 

-0.70000E 

01 

O.IOOOOE 

01  -0 . 30  864E-0  1 

0. 40 1 79E-0  7 

0.33167E 

01 

0  ■  1000  IE 

00 

-0.60000E 

01 

0. 10000E 

01  -0 . 264  55E-C 1 

0.42848E-07 

0.33216E 

01 

0.98353E- 

■01 

-0.5000QE 

01 

O.IOOOOE 

01  -0 . 22046E-0 1 

0.45665E-07 

0.33265E 

0 1 

0 ■ 96648E - 

■01 

-0.40000E 

01 

O.IOOOOE 

01  -0.1 76  3  7E-0 1 

0.48643E-07 

0.33314E 

01 

0 .949026- 

•01 

-0.30000E 

01 

O.IOOOOE 

01  -0 . 1322  7E-0  1 

0.51 792E-07 

0.33365E 

o± 

0.931 136- 

•01 

-0.20000E 

01 

O.IOOOOE 

01  -0 . 8  8 1 85E-02 

0.55127E-07 

0.33415E 

01 

0 . 9 1 282  E- 

*0 1 

-tlr 
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» 


-o. iooooe 

01 

0. IOOOOE 

01 

-0.440926-02 

0 . 5  8659E-07 

0.33466E 

01 

0.894076-01 

O.OOOOOE 

00 

0. IOOOOE 

01 

O.OOOOOE  00 

0. 624066-07 

0.3351PE 

01 

0.874896-01 

0. IOOOOE 

01 

0. IOOOOE 

01 

0  .44092E-02 

0. 66380E-07 

0.33570E 

01 

0.85527E-01 

0.20000E 

01 

0. 10000F 

01 

0 . 88 1 80E-02 

0. 70602E-07 

0.33623E 

01 

0.83521E-01 

0.30000E 

01 

0. IOOOOE 

01 

0. 13227E-01 

0. 75090E-07 

0.33676E 

01 

0.814696-01 

0.40000F 

01 

0 . 100006 

01 

0.17637E-01 

0. 79865E-07 

0.33729E 

01 

0.79372E-01 

0.50000E 

01 

0. IOOOOE 

01 

0 .  22046E-0 1 

0. 84951E-07 

0.337836 

01 

0.772296-01 

0.60000E 

01 

0. IOOOOE 

01 

0.264556-01 

0 . 903  73E-07 

0.33838E 

01 

0.750406-01 

0.70000E 

01 

0. IOOOOE 

01 

0 . 30864E -0 1 

0 . 96 1 60E-07 

0.33893E 

01 

0.728046-01 

0.80000E 

01 

0. IOOOOE 

01 

0.352746-01 

0. 10234E-06 

0.33948E 

01 

0.70521E-01 

0.90000E 

01 

0. IOOOOE 

01 

0 . 39683E-0 1 

0. 10895E-06 

0.34004E 

01 

0.681906-01 

0. IOOOOE 

02 

0. IOOOOE 

01 

0 . 44G92E-0 1 

0. 1  1604E-06 

0.340606 

01 

0.658116-01 

0.11000E 

02 

0. IOOOOE 

OJL 

0^48  5016 -OJL 

0.  12  3646-06 

Oj  34.1 13  i. 

01 

0,6J384E-01 

0.12000E 

02 

0. IOOOOE 

01 

0 . 529 1 1 E-0 1 

0.131806-06 

0.34174E 

01 

0.609076-01 

0.13000E 

02 

0.  IOOOOE 

JLL 

■lEVZfii]  s»n 

0.  14059E-06 

EHEmn 

01 

0.583816-01 

0.140C0E 

02 

C. IOOOOE 

01 

0.61729E-01 

0. 15007F-06 

0.34290E 

01 

0.55805E-01 

0. 15000E 

02 

0.100006 

01 

0.661386-01 

0.  160316-06 

0.343496 

01 

0.531796-01 

0.16000E 

02 

O.OOOOOE 

00 

0.705486-91 

C.17000E 

02 

O.OOOOOE 

00 

0.74957E-01 

0.18000E 

02 

O.OOOOOE 

00 

0 . 793666-01 

0. 19000E 

02 

O.OOOOOE 

00 

0 .837756-0 1 

0.20000E 

02 

O.OOOO0E 

00 

0 . 88 1 85E-C 1 

0.21000E 

02 

0.000006 

00 

0.925946-01 

0. 22000E 

02 

O.OOOOOE 

00 

0.97003E-01 

0.23000E 

02 

O.OOOOOF 

00 

0.10141E  00 

0.24000E 

02 

O.OOOOOE 

00 

0.10582E  00 

0.25000E 

02 

O.OOOOOE 

00 

0.11023E  00 

COOD.  OF  EFFECTIVE  TOOTH  PROFILE  AT  ROOT  CIRCLE  X  Y 

0.319529E  01  0.153977E  00 


~JT  ~ 

OJVA 

"  FJTB 

0J1C 

-0.19000E 

02 

0 . 26 1 6 1 E -09 

0. 15393E-07 

0. 1 1888E-08 

■3.F1M.I.1.1J 

"OF 

0.346(1.46-09 

0. 140336-66 

-0.17000E 

02 

0.441 30F-09 

0. 17606E-07 

0.181 58E-08 

-0. 16000E 

02  ~ 

TSTW5'TT-?.« 

0. 13743T-0T 

0.2187  8f-08 

-0.15000E 

02 

0.6693 7 E -09 

0. 19901E-07 

0.26006E-08 

-0.14000E 

02 

0 . 808  44  E-09 

0.21081E-07 

0.305626-08 

-0.13000E 

02 

0.96840E-09 

0.222836-07 

0. 35559E-08 

immiou 

0.4101 3E-08 

-O.llOOOE 

02 

0. 13656E-08 

0.24757E-07 

0.469436-08 

-0. IOOOOE 

02 

0.1611 2  E-08 

0.260316-07 

0. 53  36  3E-08 

-0.90000E 

01 

0. 18942E-08 

0.27331E-07 

0 . 602  90E-08 

-0.80000E 

01 

0.221 99E-08 

6. 286576-07 

0.67742E-08 

-0.70000E 

01 

0 . 25939E-08 

0. 300  12E-07 

0.75735E-08 

MHgflaaa 

6l 

umaa-miU 

0.31 396E-07 

0. 84290E-08 

-0 .500006 

01 

0.35 1 24E-08 

0.32810E-07 

0.9341 BE-08 

-0.40000E 

01 

0. '♦07126-08 

0.34257E-07 

0. 10314E-07 

-0.30000E 

01 

0 . 47070E-08 

0. 357386-07 

0.113476-07 

-0.20000E 

01 

0.54289E-08 

0.372546-07 

...  12444E-C7 

-0. IOOOOE 

01 

0.624646-08 

0.38807E-07 

0.136066-07 

M.W.I.I.I.I.IJ 

mrazKiastia 

0.  IOOOOE 

01 

0.82  1352-08 

0.420356-07 

0.16131E-07 

0.20000E 

01 

0 .938806-08 

0.437156-07 

0. 1 74986-07 

0.30000E 

01 

0. 10708E-07 

0.454436-07 

0. 189386-07 

0.40000E 

01 

0.12  19  1E-07 

0.472226-07 

0.20452E-07 

0 .500006 

01 

0. 13853E-07 

0.490556-07 

0.2  2  042  E-07 

0.60000E 

01 

0.1571  5E-07 

0.509466-07 

0.2371 0E-07 

0.700006 

01 

0 . 1 7798E-07 

0. 529016-07 

0.2  54  59E-07 

0 .800006 

01 

0.20127E-07 

0.549256-07 

0.2  72  90E-07 
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0 .90000E 
0. 10000E 

o.iiooof 

01 

02 

02 

0.22729E-07 

0.25634E-07 

0.28878E-07 

0.57022E-07 

0 . 59200E-0  7 
0.61467E-07 

0 . 2  92  04  E-07 
0.31205E-07 

0 . 332 94 E-07 

0.1 2000F 

02 

0. 32500E-07 

0.63832E-07 

0.  354  74E-07 

• 

0.13000E 

02 

0 . 3654  5E -07 

0 . 66303t-07 

0. 37745E-07 

? 

0. 14000E 

02 

0.41066E-07 

0 . 68  895E-0  7 

0.401 12E-07 

0. 15000F 

02 

0.46121E-07 

0. 71619E-07  • 

0.425 74 E-07 

J2 

4J2 

0J2ABC 

XJ2 

YJ2 

-0.25000F 

02 

-0.20268E  00 

-0.24000F 

02 

-0.19457E  00 

-0.23000F 

02 

-0.18646E  00 

-0.22000F 

02 

-0.17836E  00 

-O.’llOOOE 

02 

-0.1 7025E  00 

-0.20000E 

02 

-0.16214E  00 

-0. 19000F 

02 

-0.15403E  00 

-0.18000F 

02 

-0.14593E  00 

-0. 17000F 

02 

-0.13782E  00 

-0. 16000C 

02 

-0. 12971E  00 

-0. 15000F 

02 

-0.12161E  00 

0.22  884E-07 

0. 17532E 

01 

0.113H9E  00 

-0.14000F 

0? 

-0. 11350E  00 

0.24554E-07 

0. 1 7570E 

01 

0.11306E  00 

-0. 13000F 

02 

-0 . 1 0539E  00 

0. 26309E-07 

0. 17609E 

01 

0.11216E  00 

-0. 12000F 

02 

-0.97288E-01 

0.281 56E-07 

0. 1 7650E 

01 

0. 1 1 1 21E  00 

-0. 1  1000E 

02 

-0 .89  1  80E-0 1 

0. 30100E-07 

0. 17691E 

01 

0.11021B  00 

-0. 10000F 

02 

-0.81073E-01 

0.32147E-07 

0. 17734E 

01 

0.10914E  00 

-0.90000E 

01 

-0 . 72966E-0 1 

0.34306E-07 

0. 17777E 

01 

0.10801E  00 

-0.80000E 

01 

—0 . 64858E-0 1 

0.3 65 84 E-07 

0. 1 782 1 E 

01 

0.10681E  00 

-0.70000E 

01 

-0.56761E-01 

0.38988E-07 

0. 17867E 

01 

0.10555E  00 

-0.60000E 

01 

-0. 48644 E-01 

0.41530E-07 

0. 17913E 

01 

0.10422E  00 

-0.50000E 

01 

-0 .40536E-0 1 

0.44218E-07 

0. 17960E 

01 

0. 10283E  00 

-0.40000E 

01 

-0 . 32429E-0 1 

0.47065E-07 

0. 18008E 

01 

0.10136F  00 

-0.50000E 

01 

-0 • 24322E-0 1 

0.50081E-07 

0. 1B058E 

01 

0.99825E-01 

-0.20000E 

01 

-0. 16214E-01 

0.53281E-07 

0. 18108E 

01 

0.98212E-01 

-0.  10000F 

01 

-0.81  073E-02 

0.56680E-07 

0. 18159E 

01 

0.96523E-01 

O.OOOOOF 

00 

O.OOOOOE  00 

0 . 602  92  E-0  7 

0. 1  82  1  OE 

01 

0.94757E-01 

0. 10000F 

01 

0.81073E-02 

0. 64 1 3  7E-07 

0. 1F263E 

01 

0.92912E-01 

0.20000E 

01 

0. 16214E-01 

0.68232E-07 

0. 18317E 

01 

0.90987E-0  1 

0.30000F 

01 

0 . 24322E-0 l 

0. 72600E-C7 

0. 18372E 

01 

0.88980E-01 

0.40000F 

01 

0. 32429E-01 

0. 77264E-07 

0. 18427E 

01 

0.86890E -0 1 

0.50000F 

01 

0 . 40  5  36E-0 1 

0.82251E-07 

0. 18483E 

01 

0.84715E-J1 

0.60000E 

01 

0 . 48644F-0 1 

0. 87589E-07 

0. 1 854 1 E 

01 

0.B2454E-01 

0.70000F 

01 

0 . 5675 1 E-0 1 

0.9331 0E-07 

0. 1 8599E 

01 

0.80105E-01 

0.80000E 

01 

0 . 64858E-0 1 

0.99451 E-07 

0. 18657E 

01 

0 . 7  7666E-0 1 

0.90000E 

01 

0 . 72966E-0 1 

0. 1 0605E-06 

0. 18717E 

01 

0.751 361-0  1 

0. 10000E 

02 

0 . 8  10  73E-0  1 

0. 1  1316E-06 

0. 1 8778E 

01 

0.72513E-01 

0. 1  1000E 

02 

0.89180E-01 

0. 12082E-06 

0. 18839E 

01 

0.69797E-01 

0.12000F 

02 

0.97288E-01 

0. 12  91 OE -06 

0. 1 890 1 E 

01 

0.66985E-01 

0. 13000F 

02 

0.i0539E  00 

0.  13808E-06 

0. 18964E 

01 

0.64076E-01 

0. 14OU0F 

02 

0. 1  1350E  00 

0. 14781  E-06 

0. 19028E 

01 

0.61069E -0  1 

0. 15000E 

02 

0.12161E  00 

0.  15841E-06 

0. 19092E 

01 

0.57962E-01 

0. 16000F 

02 

0 . 1 29  71 E  00 

0.  16997E-06 

0. 19157E 

01 

0 , 547  54E-0 1 

0. 17000F 

02 

0.13782E  00 

0.  1 82  64E-06 

0. 19223E 

01 

0.51443E-01 

0. 18000F 

02 

0. 1 459 3 E  00 

0.  1 9656E-06 

19290E 

01 

0 . 480  28E-0  1 

0. 19000E 

02 

0.15403.  00 

0.21  195E-06 

0. 19357E 

01 

0 . 44508E -0 1 

0.20000E 

02 

0.16214E  00 

0.21000E 

02 

0.17025E  00 

0 .22000E 

02 

0.17836E  00 

0.23000E 

02 

0. 18646F  00 

0.24000E 

02 

0.19457E  00 
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COOP.  IJF  EFFECTIVE  TOOTH  PROFILE  AT  ROOT  CIRCLt  X  Y 

0.168455E  01  0.144890E  00 


J2 

0  j2A 

QJ2B 

0J2C 

-0.15000E 

02 

0.48899E-09 

0. 19691E-07 

0.2  7042E-08 

-0.14000E 

02 

0 . 60297E -09 

0.20872E-07 

0 . 30789E-08 

-0 . 1 3000E 

02 

0.73 1 99E-09 

0 . 22084E-0  7 

0. 3493  IE-08 

-0.12000E 

02 

0 . 87857E-09 

0.23327E-07 

0 . 39497E-08 

-0. 11000E 

02 

0. 10456E-08 

0 . 24602  E-0  7 

0 . 445 1 6E-08 

-C.10000E 

02 

0. 12363E-08 

0.2  5909E-0  7 

0 . 5001 7E-08 

-0.90000E 

01 

0.14544E-08 

0.27248E-07 

0. 56031E-08 

-0.80000E 

01 

0. 17041E-08 

0 . 28620E-0  7 

0 . 62590E-08 

-0.70000E 

01 

0. 19902E-08 

0 . 30026E -0  7 

0.69725E-06 

-0.60000E 

01 

0.23178E-08 

0. 31465 E-07 

0. 77470E-08 

-0.50000E 

01 

0 . 26931 E-08 

0.32939E-07 

0 . 8  5  85  8E-08 

-0.40000E 

01 

0.3 1 227E-08 

0.34449F-07 

0 . 94925E-0B 

-■  0 . 30000E 

01 

0 . 36 141 E-08 

0.35996E-07 

0. 10470E-07 

-0.20000E 

01 

0.4 1 757E-08 

0.3 75 82 £-07 

0. 1 1 524F-07 

-0. 10000E 

01 

0 .48 1 68E-08 

0.39207E-07 

0. 12656E-07 

O.OOOOOE 

00 

0.55480E-08 

0.408  1 3 E - 0 7 

0.13871 E-07 

0.10000E 

01 

0.638  10E-08 

0.42583E-07 

0.151 72E-0 I 

0.20000E 

01 

0 . 7  3289E-08 

0 . 44339E-07 

0. 165 64 E-0 7 

0.30000E 

01 

0.84062E-08 

0.46143E-07 

0. 18050E-07 

0.40000E 

01 

0.96297E-08 

0.4  7998E-0  7 

0. 19636E-07 

0.50000E 

01 

0.1 10 1 7E-07 

0 . 49909E-0  7 

0.21 324E-07 

0.60000E 

01 

0.12590E- j7 

0.51878E-07 

0.23120E-07 

0.70000E 

01 

0.14371E-07 

0 , 539 1 1 E-0  7 

0.2502  7E-07 

6.80000E 

01 

0. 16387E-07 

0 . 560 1 3E-07 

0.27050E-07 

0.90000E 

01 

0. 18668E-07 

0 . 58 1 90E-07 

0.29193E-07 

0.10000E 

02 

0,21 247E-07 

0 . 60450E-0  7 

0.3 1461 E-07 

0.11000E 

02 

0.24164E-07 

0 . 62  802E-07 

0. 33860E-C7 

0  •  12000f: 

02 

0.27462T-57 

0 . 632  55E-0? 

0.3 63 92 E-07 

0.13000E 

02 

0.31 194E-07 

0 . 67822E-0  7 

0. 39063E-07 

0.14000E 

02 

0.35419E-O7 

o.7o5i8f-o7 

0.41 R78E-07 

0.15000E 

02 

0 . 40208E-07 

0 . 73360E-0  7 

0. 44R42E-07 

0 . 1 6T5TOF  0? 

6.456433-07 

0 . 76371 E-07 

0 ■ 47960E-07 

0.17000E 

02 

0.5 1B25E-07 

0. 79578E-07 

0.51236E-07 

‘Tr.TTODITE 

02 

OY58375E-07 

0.856135-07 

0. 346 75 E -67 

0.19000E 

02 

0.66942E-07 

0.86726E-07 

0. 58284E-07 

INPUT  LISTING  OF  PROFILE  ERROR  AND  SUPPLEMENTARY  COMPLIANCE 


n 

Ol 

22 

U2 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

3.60000E  00’ 

'O.OOOOOE  00’ 

O.OOOO'OE 

M 

o.ooooOl 

06 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

o.odOOoF  oo 

O.OobOOE 

00- 

O.OOOOOE 

"32T- 

O.OOOOOE 

T3 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00/  O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0 . 30000E-04 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.60000E-04 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.90000E-04 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0. ) 2000E-03 

6 . GOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00' 

0  •  1 5000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0 . 1 8000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

A.22000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOpE 

00 

«.24000E-03 

O.OOOOOE 

00 

0  .''OOOOE 

00 

O.OOOOOE 

00 

0.30000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.30060E-63 

~6.00600f 

60 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.2^000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

U.IT0OOE-63 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

66 
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0.180006-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0. 15000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0. 12000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.9OO60E-04 

O.OOOOOE 

“TO" 

0  .flOOGOE 

T5B* 

O.OOOOOE 

00 

0.60000E-04 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0 . 30000E -04 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOQQE 

po 

OjQOOOQE 

00 

0.50000E-04 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.10000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0. 15000C-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.20000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.25000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.25000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0 . 23000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.2 1000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0. 18000E-03 

O.OOOOOE 

00 

0.000006 

00 

O.OOOOOE 

00 

0.1 5000E -03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0. 12000E-03 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.90000E-04 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.60000E-04 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.3C000E-04 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.Oooooe  00 

0.00  CCR5F 

O.OOOOOE 

w 

0 . OOOftOE 

Oo 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

0.000001:  00 

O.OOOOOE 

00 

O.OOOOOE 

CO 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 

“ff.OOOObE 

w 

O.OOOOOE  00 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

INPUT  DAT* 

t  ON 

TANGENT  I AL 

LUAD  AND  TOOTH 

SPACING 

ERROR 

WT 

VPT  1 

V  PT2 

0^250006 

04 

O.OOOOOE  00 

O.OOOOOE 1 00 

- 

CALCULATEC 

1  NORMAL  WN=  0. 

269633E  04 

CALCULATEC 

1  TOTAL  CONTACT 

CUMPL  1  A  *1CE  QJD  =  0 . 6269E 

1 

O 

CALCULATEC 

1  TOOTH  MESHING 

ERRURS  AND  LOADS 

_ 

JC1 

AJC1 

TANG.  ERROR 

WTC 

WT  D 

0.10000E 

01 

0  •  44092E-02 

-0. 55004E-03 

TT.TFTooT 

04 

O.OOOOOE 

00 

0.20000E 

01 

0.881856-02 

-0.49  85  1 E-03 

0.25000E 

04 

O.OOOOOE 

00 

0.30000E 

01 

0. 13227E-01 

-0.44R33E-03 

0.25000E 

04 

O.OOOOOE 

00 

0.40000E 

01 

0. 17637E-01 

-0. 399526-03 

0. 25000E 

04 

O.OOOOOE 

00 

0.56067)1 

or 

0.220461-01 

-0.3l7f0l-03 

0.25000E 

04 

O.OOOOOE 

00 

0.60000E 

01 

0 . 26455E-0 1 

-0.21 294E-03 

0. 19159E 

04 

0.50406E 

03 

0.70000E 

T5T“ 

0. 30864E-01 

-0.211 86E-03 

0. 17990E 

04 

0.70096E 

03 

O.8OO0OE 

01 

0. 352746-01 

-0 . 20985E-03 

0.  16779E 

04 

0.82204E 

03 

0.90000E 

01 

0. 396836-01 

-0.21 2  80E-03 

0.15351E 

04 

0.96489E 

03 

0. 10000E 

02 

0.44092E-01 

-0.21 449E-03 

0. 13893E 

04 

0.1 1 106E 

04 

0.11000E 

02 

0.48*5016-01 

-0 . 2 1 49  1  E-0  3 

0.12418b 

04 

0.12581E 

04 

0. 12000E 

02 

0.5291 1 E-0 1 

-0. 2 1 40  7E-0  3 

0. 10935E 

04 

0. 14064E 

04 

.  1 3000E 

02 

0.57320E-01 

-0 . 2064  7E-03 

0.92686E 

03 

0.  1 573  1 E 

04 

0.14000E 

02 

0.61  729E-0 1 

-0. 19734E-03 

0. 76166E 

03 

0. 17383E 

04 

0.15000E 

02 

0 . 66 1 38 E-0  1 

-0. 1 8668E-03 

0.59920E 

03 

0.  19007E 

04 
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0.160006  02  0.705486-01  -0. 333476-OB 
0.170006  02  0.749576-01  -0.364396-03 
0.18000F  02  0.793666-01  -0.397026-0? 
0.19000P  02 — 5.STrT^^U~Q".43l5SE-03 
0.200006  02  0.881856-01  -0.456316-03 
0.210006  02  0.925946-01  -0.482836-03 
0.220006  02  0.970036-01  -0.510786-03 
0.230006  02  '0.101416  00  -0.540136-03 


0.000006  00  0.250006  04 

o.oooobe  66  0.25000E  04 

0.000006  00  0.250006  04 

6.60000E  00  0.25600E  64' 

O.OOOOOE  JOO  0.250006  04 
0.000006  00  0.250006  04 

O.OOOOOE  00  0.250006  04 

0.000006  66  0.250006  04 


0.240006  02  0.105826  00  -0.570856-03  O.OOOOOE  00  0.250006  04 
0.250006  02  0.110236  00  -0.602926-03  O.OOOOOE  00  0.250006  04 


« 
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CALCULATED  FOURIER  COEFFICIENTS  FOR  ERRORS 


I  All)  B(I) 

0  -0 . 72 1 59 1 7E-03 _ O.OOOOOOOF  00 

1  -0.15589036-03  0.10992096-03 

2  _ -0.22926716-04  0.13158656-04 

3  -0 . 27C9452  6-04  ~  -0 . 122 1 88 1 E-04 

4  0.1 30841 7E-04  0.10134186-04 

5  0.10456036-05  0 . 1 450376E-05 

6  -0.22700806-05  0.178509)6-04 


I 


| 
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DATA  REDUCTION 


Profile  Input  Data  From  Profile  Measurement  Trace 

For  the  particular  profile  measurement  equipment,  determine 

1.  the  end  of  the  trace  corresponding  to  the  tip  of  the  tooth 

2.  the  direction  of  trace  deviation  from  the  longitudinal  line 
corresponding  to  excess  material  (with  respect  to  a  true  involute), 
or  the  direction  of  positive  profile  deviation 

3.  the  longitudinal  scale  of  roll  angle 

4.  the  transverse  scale  of  profile  deviation 
From  the  gear  design  data,  determine 

5.  che  angle  corresponding  to  each  of  the  calculation  points 


a T  -  360°  J 

NNj 

where.  J  ■  identification  number  of  calculation  point 
N  ■  number  of  teeth 
Nj  ■  number  of  calculation  points 

6.  the  angle  of  recess  for  an  external  gear  (taken  as  the  driving  gear) 


where:  - 


-Arv 

■  V  R^2  -  1  -  tan 


outside  radius 
base  circle  radius 


pressure  angle 


or  the  angle  of  recess  for  an  Internal  gear  taken  as  the  driving 
gear  (which  is  the  same  as  its  angle  of  approach  when  taken  as  the 
driven  gear) . 


where:  R^.  ■  inside  radius 

On  the  profile  measurement  trace  (see  Figures  31  and  32),  locate  the  pitch 
point  in  the  following  manner: 


» 


f, 


i 
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7.  measure  back  from  the  tip  a  distance  corresponding  to  the  recess 
angle 

8.  locate  the  true  involute  reference  line  by  drawing  a  longitudinal 
line  through  the  pitch  point 

9.  measure  off  from  the  pitch  point  distances  corresponding  to  the 
angler,  for  each  ol'  the  calculation  points,  with  positive  calculation 
point  s  between  pitch  point  and  tip  on  external  gears  and  with 
negative  points  on  internal  gears 

10.  at  the  calculation  point  distances,  measure  off  the  deviations  from 
the  longitudinal,  true  involute  line. 

Sample  calculations: 

The  data  from  one  of  the  traces  in  Figure  31  are  plotted  as  the  measured 
profile,  case  103,  in  Figure  28. 

The  data  from  one  of  the  traces  in  Figure  32  ,  ~e  plotted  as  the  measured 
profile,  case  303,  in  Figure  29. 

Mean  Gear  Mesh  Compliance  From  Computed  Results 

Approximate  method 

1.  Submit  the  computer  case  of  the  gear  designs  with  true  involute 
profiles,  any  supplementary  compliances  which  apply,  and  a  suitable 
load. 

2.  Calculate  the  approximate  mean  mesh  compliance 


where:  Aq  ■  computed  constant  Fourier  coefficient 
-  tangential  load 

Sample  calculation,  for  the  case  of  the  upper  sun  driving  the  planet  at  85Z 
of  rated  load 


) 

f 


*0 

WT 

% 

% 


1.03  x  1Q~3  in. 
2500  lb 

A0  1.03  x  10~3 
2Wt  "  2  x  2500 

.206  x  10"6  in. /lb 
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Accurate  method 

1.  Submit  two  computer  cases,  both  with  the  samo  set  of  gear  designs 
and  with  the  same  applicable  profile  and  supplementary  compliance 
data,  but  with  two  loads. 

2.  Calculate  the  mean  mesh  compliance 


i 


% 


A01  -  A02 
2  (WirWT2) 


where  the  added  subscripts  refer  to  the  data  from  the  two  cases 
submitted . 


Sample  calculation,  for  the  case  of  the  sun  driving  the  planet  with  design 
profile 


At  105%  rated  load,  W, 
and 

At  65%  rated  load,  W, 
and 


9o  " 


A01  -  AQ2 

2  (W  -VL,, 
T2  T1 


WT1 

-  3085  lb 

-3 

A01 

-  1.303  x  10 

WT2 

-  1910  lb 

-3 

CM 

-  .836  x  10 

(1.303-.836)10-3 

.467  x  10 

) 

2(3085-1910) 

2(1175) 

% 

-  .199  x  10"6  in. /lb 
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APPENDIX  V 


GEAR  TOOTH  FORCE  ANALYSIS 

INTRODUCTION 


t 


Any  geared  system  transmitting  power  is  subject  to  torsional  vibration 
because  it  contains  the  necessary  elements  of  rotational  inertia, 
torsional  elasticity,  and  source  of  excitation.  The  inertia  may  be  present 
in  concentrated  form,  as  in  the  body  of  a  gear,  or  it  may  be  distributed  as 
in  the  sections  cf  connecting  shafting.  Similarly,  the  elasticity  or 
compliance  may  be  concentrated  as  in  a  coupling  or  in  the  flexing  gear 
teeth,  or  it  may  be  distributed  with  the  inertia  in  the  shaft  sections.  As 
in  any  other  torsionally  vibrating  system,  the  excitation  may  come  from 
externally  applied  pulsating  torques,  as  from  a  driving  motor  or  turbine, 
or  from  some  fluctuating  resistance  to  the  steady  rota^on.  However,  in 
geared  systems  there  is  also  a  displacement  form  of  excitation  which  comes 
from  the  imperfect  transfer  of  motion  in  the  meshing  gears.  This  excitation 
makes  the  mating  teeth  at  any  point  of  excitation  subject  to  dynamic  changes 
in  relative  motion.  This  changing  of  relative  motion  can  be  achieved  only 
if  there  is  generated  in  turn  a  dynamic  force  acting  between  the  teeth  to 
impose  the  necessary  accelerations.  This  dynamic  force,  generated  in 
response  to  the  gear  displacement  excitation,  can  subject  the  gear  teeth 
to  greater  loads  than  required  for  the  steady  transmission  of  power.  In 
addition,  it  can  become  a  factor  in  the  generation  of  noise  in  the  trans¬ 
mission  system. 

The  purpose  of  this  analysis  is  to  evaluate  these  gear  tooth  forces.  The 
data  required  by  the  analysis  to  describe  the  torsionally  vibrating  system 
can  be  in  the  form  of  physical  dimensions  taken  directly  from  design 
drawings.  At  the  same  time,  where  necessary  or  where  available,  the 
analysis  will  also  accept  system  data  in  the  form  of  concentrated  inertia 
or  concentrated  compliances. 

Several  features  make  the  analysis  sufficiently  versatile  to  deal  with  a 
wide  range  of  gear  system  designs.  First,  the  analysis  has  provision  for 
branches  in  the  vibrating  system.  Second,  it  not  only  treats  multiple  cases 
of  the  simple  gear  set  involving  only  one  gear  driving  a  second,  but  it  can 
also  treat  multiple  cases  of  one  type  of  planetary  gear  set  (the  sun  gear 
driving,  the  ring  gear  restrained,  and  the  planet  carrier  transmitting  the 
vibration  to  the  balance  of  the  system).  Third,  it  includes  the  effects  of 
externally  applied  damping  such  as  might  be  developed  at  the  bearings.  The 
analysis  presents  the  resulting  dynamic  ge..t  i-ooth  forces  in  a  form  giving 
their  phase  relationships  as  well  as  their  magnitudes. 

LIMITATIONS  AND  ASSUMPTIONS 


The  limitations  in  the  gear  systems  treated  and  the  major  assumptions  on 
which  the  analysis  is  based  are  listed  below: 

1.  Excitation  is  introduced  into  the  system  only  at  the  gear  meshing 
points  and  only  in  the  form  of  sinusoidal  displacements.  These 
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displacements  constitute  differences  in  pitcu  line  motion  of  the 
mating  teeth  from  the  two  gears  and  are  introduced  in  series  with 
any  elastic  compliances  of  the  teeth  them3elvts. 

2.  The  system  is  considered  linear;  that  is,  all  compliances  and 
damping  coefficients  are  assumed  to  be  constant.  The  varying  gear 
tooth  stiffness  actually  in  effect  is  represented  as  a  constant 
mean  stiffness,  while  the  effect  of  the  variability  under  a  steady 
load  is  assumed  to  have  been  incorporated  in  the  calculation  of  the 
displacement  excitation,  lhe  linear  system  also  requires  that  the 
dynamic  tooth  forces  be  smaller  than  the  static  forces,  so  that  no 
separation  takes  place  at  a  gear  mesh. 

3.  The  members  of  the  system  are  assumed  to  be  compliant  only  in  the 
torsional  mode,  with  full  rigidity  in  the  late  al  mode.  This  means 
that  the  kind  of  interaction  between  torsional  and  lateral  modes 
often  found  in  gear  systems  is  not  considered  in  this  analysis. 

4.  The  only  gearing  stages  treated  are 

a.  the  simple  gear  set  with  one  gear  driving  a  second. 

b.  the  planetary  gear  set  with  the  sun  gear  driving,  the  ring  gear 
elastically  restrained,  and  the  planet  carrier  as  the  driven 
member . 

5.  The  system  may  have  simple  branches  but  no  loops  (that  is,  branches 
tied  to  the  system  at  two  or  more  points). 

6.  The  overall  system  is  one  which  has  no  rigid,  torsional  restraints 
at  its  ends  or  at  any  other  point;  neither  does  it  have  any 
externally  applied  dynamic  forces  Other  than  those  applied  at  a 
damping  or  elastic  constraint  and  due  to  its  own  dynamic  angular 
motion.  (The  rigid  restraints,  however,  can  be  simulated  by 
introducing  very  large  concentrated  inertias  at  the  points  in 
question. ) 

7.  Damping  can  be  applied  only  between  points  in  the  system  and  ground, 
and  not  between  points  within  the  system.  There  is  no  provision 
for  damping  within  a  planetary  set  or  at  the  gear  mesh  in  any  gear 
set . 

8.  In  the  planetary  gear  set 

a.  all  planets  are  equally  spaced. 

b.  all  excitations  from  planet  to  planet  are  the  same  in  magnitude 
but  differ  in  phase  relation,  according  to  the  planet  spacing 
and  to  the  relation  between  excitation  frequency  and  rotational 
speeds . 
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c.  all  radial  forces  on  the  sun  or  ring  are  fully  balanced,  the  sun 
and  ring  arc  rigidly  supported  in  the  radial  direction,  or  any 
other  set  of  conditions  exists  which  eliminates  lateral  modes  of 
vibration. 

DESCRIPTION  OF  ANALYSIS 


This  analysis  is  based  on  a  variation  of  the  Holzer  analysis  commonly  used 
for  torsional,  critical  speed  studies.  The  steps  followed  in  performing  the 
basic  analysis  are  as  follows: 

1.  For  each  of  the  portions  of  the  system  separated  in  the  input  data 
by  station  numbers,  the  properties  of  its  cylindrical  section  are 
calculated.  This  calculation  makes  use  of  the  outside  and  inside 
diameters  of  the  section  and  the  shear  modulus  and  density 
properties  of  the  material.  Where  necessary,  different  outside 
diameters  for  the  section  properties  related  to  inertia  and  stiff¬ 
ness  calculations  are  considered. 

2.  A  unit  angular  motion  at  the  specified  frequency  is  tentatively 
assumed  at  one  end  of  the  system  with  no  independent,  externally 
applied  torque  at  this  point.  Any  concentrated  inertia  at  this  end 
station  is  viewed  as  subject  to  this  motion,  indicating  a  torque 
applied  by  the  connecting  system.  This  torque  is  calculated,  and 
with  it  is  combined  the  effect  of  any  external  torque  due  to  an 
elastic  or  damping  restraint  applied  by  ground  at  the  same  station. 
The  motion  amplitude  and  the  torque  requirement  are  treated  as  one 
set  of  end  conditions  of  the  portion  of  the  system  between  this 
first  section  and  the  next  section.  Using  a  relationship  which 
copsiders  that  the  inertia,  where  present,  is  uniformly  distributed 
with  compliance  along  the  length  of  the  system  segment,  the  analysis 
calculates  torque  at  the  far  end  of  the  system  segment.  At  the 
second  station,  the  same  treatment  of  concentrated  inertia  or  applied 
constraints,  as  described  previously,  is  employed  with  special 
provision  for  tying  in  the  branches,  as  described  later.  This 
process  is  continued  from  station  to  station  until  the  end  of  the 
system  is  reached,  generating  for  each  station  a  torque  value  just 
entering  the  station,  an  angular  motion  at  the  station,  and  a  torque 
value  just  leaving  the  station.  This  calculation  leaves  a  residual 
torque  after  the  last  station,  which  may  be  recognized  as  a  tenta¬ 
tive  contradiction  to  the  actual  boundary  condition  at  this  point. 

When  a  station  with  a  branch  is  encountered,  there  is  an  additional 
element  in  the  calculation.  A  unit  angular  motion  is  tentatively 
assumed  for  the  free  end  of  the  branch,  and  the  same  kind  of  station- 
to-station  calculation  is  made  until  the  branching  station  is 
reached.  The  angular  motion  at  this  station,  as  found  thus  far  in 
the  main  system  calculation,  is  then  compared  to  the  motion  found  in 
the  branch  calculation.  The  ratio  of  these  is  then  applied  to  each 
value  of  motion  and  torque  in  the  branch,  in  this  way  matching  the 
branch  to  the  main  system.  The  torque  leaving  the  branched  station 
can  then  be  calculated  from  the  torques  applied  by  both  the  main  and 
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branch  systems,  and  the  calculations  for  the  main  system  can  be 
carried  forward. 

At  the  stations  containing  simple  gear  sets,  the  same  procedure  is 
followed,  but  the  motion  ratio  and  the  direction  reversal  assoc¬ 
iated  with  the  gears  are  introduced.  (This  introduction  of  the  gear 
ratio  eliminates  the  reed  to  change  the  Inertias,  compliances,  or 
damping  coefficients  to  effective  va]  :o3  at  a  reference  shaft  speed, 
as  is  commonly  required  in  other  calc  ition  procedures.)  In  this 
traverse  of  the  system,  there  is  no  introduction  of  excitation  at 
the  gear  sets. 

At  any  station  representing  a  planetary  gear  set,  the  calculation  is 
made  using  the  special  relationships  between  motion  and  torque  going 
into  the  planetary  system  and  motion  and  torque  leaving  it.  This 
special  relationship  assumes  that  the  motions  of  the  individual 
planets  inside  the  system  are  rotationally  in  phase;  that  is,  they 
all  act  in  parallel  and  together  in  response  to  the  incoming  motions 
and  torques.  As  in  the  simple  gear  sets,  no  excitation  is  introduced 
at  the  planetary  set  in  this  calculation  step. 

3.  The  above  procedure  is  repeated  with  the  change  that  zero  angular 
motion  is  tentatively  assumed  for  the  firsL  station.  This  leads  to 
zero  motion  and  torque  in  the  system  until  a  station  with  excitation 
is  reached.  At  this  station,  which  will  be  for  one  of  the  gear  sets, 
the  specified  excitation  at  the  same  specified  frequency  introduces 

a  "step"  in  the  motion  transmitted.  This  new  motion  and  any  torque 
requirements  it  generates  at  the  station  where  it  first  has  effect, 
now  become  the  motion  and  torque  inputs  to  the  successive  segments 
of  the  system.  The  continuation  of  the  station-by-station  calcu¬ 
lation,  as  before,  generates  at  each  station  values  of  torque  enter¬ 
ing  the  station,  motion  at  the  station,  and  torque  leaving  the 
station.  Also,  as  before,  the  calculation  results  in  a  residual 
torque  after  the  last  station.  This  residual  torque  is  compared  to 
that  computed  in  the  previous  step.  After  one  complete  set  of  motion 
and  torque  data  is  multiplied  by  the  appropriate  ratio  of  these 
residual  torques,  the  values  are  subtracted  from  their  counterparts 
in  the  other  set.  The  torque  after  the  last  station  which  results 
from  this  operation  is  now  zero,  indicating  that  the  original 
boundary  condition  has  been  met.  All  of  the  remaining  motions  and 
torques  therefore  represent  the  response  of  the  system  to  the 
particular  excitation  introduced. 

4.  The  dynamic  torque  transmitted  through  the  first  gear  of  each  simple 
set  of  gears  is  calculated  from  information  now  available.  This 
information  consists  of  the  torque  going  into  the  gear  station,  on 
both  sides  if  a  branch  is  connected  at  this  point,  of  whatever  torque 
is  required  to  supply  the  computed  motion  to  the  concentrated  inertia, 
and  of  the  torque  applied  by  whatever  constraints  are  present.  The 
dynamic  force  acting  on  the  gears  tangent  to  the  pitch  circle  is 
found  by  dividing  the  gear  torque  by  ito  pitch  radius. 
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In  the  case  of  the  planetary  set  of  gears,  the  individual  internal 
torques,  forces,  and  motions  are  calculated  from  the  final  set  cf 
torque  and  moti  n  results  now  available  for  both  ends  of  the 
station. 

5.  The  three  preceding  steps  are  applied  simultaneously  to  both  of  the 
two  components  of  the  excitation.  The  components  referred  to  here 
are  the  cosine  and  sine  terms,  also  known  as  the  real  and  imaginary 
terms,  which  together  define  not  only  the  amplitude  of  the  exci¬ 
tation  but  also  its  phase  relationship  with  respect  to  some  refer¬ 
ence.  In  order  to  treat  the  two  components  simultaneously,  all 
calculations  are  performed  with  complex  numbers. 

Tue  excitation  conditions  in  the  planetary  station  require  special  treat¬ 
ment.  There  are  two  excitations  at  each  planet,  one  at  the  sun  and  one  at 
the  ring,  and  the  two  may  be  independent  of  each  other.  Ihe  excitations 
from  planet  to  planet,  however,  are  assumed  to  be  uniform  In  amplitude  and 
uniformly  spaced  in  phase  relationship,  as  stated  previously.  This  uaifirm 
phasing  may  be  zero,  w.iich  is  to  say  that  all  the  excitations  on  eitner  the 
sun  or  the  ring  are  exactly  in  phase  rotationally .  In  this  case,  the 
excitations  act  together  in  generating  the  response  within  the  planetary 
stage  and  elsewhere  in  the  system.  This  is  the  situation  treated  in  the 
main  computer  program  which  embodies  the  above-described  Holzer  type  of 
analyses. 

The  zero  phasing  condition  will  occur  when  the  ratio  of  excitation  frequency 
to  the  rotational  frequency  of  the  carrier  is  an  exact  multiple  of  the 
number  of  planets.  When  this  relationship  does  not  hold,  the  excitations 
are  separated  in  phase,  and  each  segment  o:  the  planetary  system  with  its 
own  planet  must  be  treated  as  acting  separately.  Furthermore,  under  these 
conditions  of  complete  excitation  balancing,  the  combined  effects  of  the 
excitations  are  to  generate  zero  net  torques  and  motions  in  the  input  or 
output  members  of  the  planetary  system.  The  planetary  system  is  therefore 
acting  independent  of  the  gear  system  external  to  it,  and  the  data  of  the 
external  system  play  no  role  in  the  response  developed  within  the  planetary 
system.  Therefore,  in  order  to  calculate  this  response,  a  separate  analysis 
io  used  in  an  auxiliary  program.  This  separate  analysis  does  not  require 
the  Holzer  type  of  analysis  but  merely  uses  the  solution  of  the  dynamic 
equations  to  give  the  pitch  line  tooth  forces  at  each  mesh.  In  this 
auxiliary  analysis,  as  in  the  main  one,  excitations  at  the  sun  and  ring  are 
treated  simultaneously.  Furthermore,  for  each  of  these,  the  two  components 
of  excitation,  cosine  and  sine  (or  real  and  imaginary),  aie  treated 
individually  to  give  separate  components  in  the  results. 
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DERIVATION  OF  ANALYTICAL  RELATIONSHIPS 


The  relationships  used  in  the  analysis  are  presented  in  two  groups:  those 
that  form  part  of  the  general  Holzer  analysis,  and  those  that  are  specific 
to  the  planetary  gear  stage.  Each  group  is  accompanied  by  its  own  list  o* 
symbols. 
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Holzer  Analysis 

The  symbols  to  be  used  in  this  portion  of  the  analysis  and  shown  in  Figures 
73  and  74  are  given  below.  The  equations  derived  are  valid  for  any  set  of 
consistent  units. 


C  concentrated  torsional  damping  coefficient  acting  between 

stations  n  and  ground 

C  concentrated  torsional  damping  coefficient  acting  between 

1  station  n+1  and  ground 

D  outside  diameter  of  cylindrical  distributed  mass  after 

station  n,  to  be  used  for  inertia  calculations 

D  outside  diameter  of  cylindrical  distributed  mass  after 

station  n,  to  be  used  for  compliance  calculations 

d  inside  diameter  of  distributed  mass  after  station  n 

n 

f  cycle  frequency  of  excitation 

G  shear  modulus  of  elasticity 

g  gravitational  constant 

I  concentrated  moment  of  inertia  at  station  n 

n 

I  concentrated  moment  of  inertia  at  station  n+1 
n+i 

II  calculated  total  mass  moment  of  inertia  of  distributed 
mass  between  stations  n  and  n+1 

j  mathematical  operator  which  produces  a  90°  phase  rotation 

J  polar  moment  of  inertia  of  the  cross-sectional  area  of 

the  distributed  mass  after  station  n 


Lr  length  of  distributed  mass  after  station  n 

n  general  station  number 
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concentrated  torsional  compliance*  of  elastic  restraint 
acting  between  station  n  and  ground 

concentrated  torsional  compliance  of  elastic  restraint 
acting  between  station  n+1  and  ground 

concentrated  total  torsional  compliance  of  distributed 
mass  between  stations  n  and  n+1 

concentrated  torsional  compliance  between  stations  n  and 
n+1,  when  there  is  no  distributed  mass 

torque  acting  at  station  n  on  the  side  toward  the 
previous  station 

torque  acting  at  the  end  of  the  distributed  mass  after 
the  station;  also,  the  torque  acting  at  station  11-i  on 
the  side  toward  station  n 

torque  acting  at  station  n  on  the  side  toward  the  next 
station;  also,  the  torque  acting  at  the  start  of  the 
distributed  mass  after  station  n 

torque  acting  at  station  n+1  on  the  side  toward  the  next 
station. 


T  1  torque  acting  at  the  x  location  along  the  distributed 

3  mass 


x  variable  distance  along  the  distributed  mass,  measured 

from  station  n 

Y  weight  density 

6q  angular  motion  at  station  n 

6^  angular  motion  at  x  location  after  station  n 

0n+^  angular  motion  at  station  n+1 

p  mass  density 

u  angular  frequency  of  excitation  (“2^0 

There  are  two  subscripts  which  may  be  joined  to  the  subscripts  used  in  the 
major  symbols  listed  above.  These  identify  the  phase  component  of  the 
variable. 

I  imaginary  or  right  angle  phase  component 

R  real  or  in-phase  component 

*Compliance  is  defined  as  the  reciprocal  of  stiffness. 


a 
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The  objective  of  this  portion  of  the  analysis  is  to  derive  the  relation¬ 
ships  of  angular  motion  and  torque  between  successive  stations  and  at  each 
station  in  the  torsional  system  (see  Figures  73  and  74).  Two  sets  of 
.relationships  are  required:  one  set  to  cover  the  transferred  motion  and 
torque  between  stations  and  the  other  set  to  cover  the  torque  changes,  from 
that  going  into  to  that  leaving  each  station.  The  first  set  is  derived  for 
the  general  case  where  there  is  distributed  mass  and  compliance  in  the  form 
of  a  cylindrical  bar  between  stations,  starting  from  the  dimensions  of  this 
bar.  The  case  of  a  concentrated  compliance  in  place  of  the  distributed  mass 
is  also  treated.  The  second  set  considers  the  effect  of  concentrated 
inertia  and  elastic  and  damping  constants  at  each  station. 

Some  of  the  properties  of  the  cylindrical  distributed  mass  between  station 
n  and  station  n+1  will  be  used  in  the  later  derivations.  There  are: 


the  section  polar  moment  of  inertia 


J 

n 


the  total  torsional  compliance 


/~4  ,  4. 

~ (D  -  d  ) 
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rhe  mass  density 
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t he  total  moment  of  inertia 
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(152) 


(153) 


(154) 


(155) 


If  a  bc.r  of  uniform  cross  section,  Figure  73,  is  subjected  to  a  sinusoidal 
torsional  vibration  of  frequency  w,  the  sinusoidal  motion  and  torque  at  a 
section  x  distance  from  cne  end  may  be  expressed  in  terms  of  the  motion 
and  torque  acting  at  that  end  and  in  terms  of  the  properties  of  the  bai ,  as 
follows : 


=  0  cos  (w"V  I  ’O’  ■  x/L)  +  T  ' 

>:  n  n  n  n 


sin(<jj"VI  'Q  '  •  x/L) 


n  n 


^V7 


(156) 


'  /Q  ' 

n  n 


r  -  -0  ^  VI'  /Q  '  sln'^Vl’  Q  '  •  x/L) 

x  n  n  n  n^n 


+T  '  cos  (wV I  'Q  '  •  x/L)  (157) 


n  n 
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The  values  of  motion  and  torque  at  the  far  end  of  the  bar,  or  in  this  case, 
the  cylindrical  distributed  mass,  may  be  found  by  replacing  x  by  L.  F Ra¬ 
tions  (156)  and  (157)  then  become 


0 

n+1 


e  cos(wVl  'Q  ')  +  T 


n  'n 


Q  ' 


Vi  'Q  ' 

n  n  J 


sin(o?/l  'Q  ' ) 


n  'n 


n+1 


iVr 


u  VI'  Q  ' 
i.n 


V 


sin(uVi'  Q  ') 

n^n 


(158) 


+  T  '  cos(^'Vl  ’Q  ') 
n  n 


(159) 


These  expressions  relate  the  motion  ar.d  torque  at  or  going  into  station  n+1 
to  the.  motion  and  torque  at  or  leaving  station  n. 


The  variables  of  motion  and  torque  may  also  be  expressed  in  complex  lorm, 
where  the  sets  of  rectangular  components  preserve  phase  relationship  as  well 
as  magnitude.  Each  variable  is  replaced  by  its  real  (or  in-phase)  component 
and  i»-s  imaginary  (or  right  angle  phase)  component.  When  the  right  .ingle 
operator  j  is  used,  the  replacements  nay  be  expressed  as 


0  -  0  „  +  10  .. 
n  nR  J  nl 

(160) 

T’n  "  T’nR+JT,nI 

(161) 

9  n+1  "  0(n+l)R  +  J  6  (n+1)  I 

(162) 

Tn+1  =  T(n+1)R  +  JT(n+l)I 

(163) 

replacements  in  Equations  (157)  and 

(158) ,  the  real 

and  imaginary  terms  are  segregated.  The  equations  for  the  real  components 
are 

r  Q  ' 

i  n 


0 


(n+l)R 


0  „  cos(w/l  'Q  ')  +  T  ’ 
nR  n  ii  nR 


uV  1 


-0 


a)  V 


i  'q  ' 

n  n 


V 


i  'q  ' 

L  a  n 


sin (u>V"l  'Q  ' )  (164) 
n  n 


n  n 


( n+1 )  R  “nR 

The  equations  for  the  imaginary  components  are 


sin(uA  I  'q  ' )  +  T '  cos (w  V I  ' Q  ' )  fl65) 
^  ^  nK  ^  ^ 


n  n 


© 


T  =  0  T  cos (niV  I  'Q  ')  +  T  ' 

I  nl  n  n  nl 


(n+1) 


V  1 


oj"V  i  'q  ' 

n  n 


s in (wVl  'Q  ')  (166) 

n  n 
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T(n+l)I  "  -0nl 


r»vr^/  , —  , — 

I  Q  '  ,  *T,l'“(,1W  (167> 

L  n  J 

In  the  case  where  ‘here  is  no  distributed  mass  between  stations  but  only  a 
concentrated  compliance  Q  ",  the  applicable  equations  are  found  from 

Equations  (164),  (165),  (166),  and  (167)  by  making  I  '  *  0,  and  by  replacing 
Q  '  by  Q  In  simplifying,  note  that  n 


Lim 

a-*o 


sin  a 
a 


(168) 


The  equations  for  the  real  components  become 

0(n+l)R  "  0nR  +  T'nRQn 

T  =  T  ' 

*(n+l)R  nR 

For  the  imaginary  components,  they  become 


9(n+l)I 


0  T  +  I*  Q  ' 
nl  nl  n 


T (n+1) I 


T ' 


nl 


(169) 

(170) 


(171) 


(172) 


At  station  n,  the  relationship  between  the  torques  entering  and  those  leav¬ 
ing  the  station  is  found  from  Figure  74  as 


T  ' 
n 


T  +09  +  jwC  0  +  j2^2!  e 

n  n  n  n  n  n  n 


This  may  be  simplified  to 


(1/3) 


T  ' 
n 


0  (0  -w  I  +  jwC  )  +  T 
n  n  n  n  n 


:i74) 


The  variables  may  now  be  introduced  in  their  complex  form,  using  Equations 
(49)  and  (50),  and  also 


T  _  +  JT  I 
nR  n 


(175) 


The  complete  equation  becomes 


T'  +  jT'  _  =  (B  _  +  J0  t)(Q  -  u  I  +  jojC)  +  (I  +jT  I)  (176) 

nR  J  nl  nR  nl  n  n  J  n  nR  n 


2  28 


This  simplifies  to 


T'  „  +  IT'  T  -  0  (Q  -  ti2I  )  +  J20  Tu)C  +  J  _ 

nR  J  nl  nR  yn  n  J  nl  n  nR 


+  J6  t(Q  -  w  I  )  +  j 6  DwC  +  JT  _ 
J  nl  n  J  nR  n  J  nl 


(177) 


.After  separating  the  real  and  imaginery  terms  into  separate  equations, 


T ' 


nR 


0  „(Q  -  u  I  )  -  0  TwC  +  T  _ 

nR  yn  n  nl  n  nR 


(176) 


T'  .  -  0  t(Q  -  a;  I  )  +  0  _ uC  +  T  _ 

rl  nl  n  n  nR  n  nl 


(179) 


Dynamic  Analysis  of  the  Planetary  Gear  Stage 
The  assumptions  made  in  this  analysis  are 


1.  The  system  is  infinitely  rigid  in  the  radial  direction,  and  all 
motions  are  torsion;  1  or  tangential  in  direction.  This  assumption 
eliminates  from  consideration  any  lateral  mode  of  vibration  which 
would  interact  with  the  torsional  mode. 

2.  All  compliances  are  constant,  including  those  at  the  gear  teeth. 

3.  There  is  no  damping  in  the  system. 

4.  All  the  planets  are  uniformly  spaced  around  the  sun  gear. 

5.  The  excitations  at  the  sun-planet  mesh  ere  identical  in  amplitude 
at  all  planets  and  have  uniformly  spaced  phase  relationships.  The 
same  is  true  of  the  excitations  at  the  planet-ring  me.'  i. 


The  nomenclature  used  in  this  portion  of  the  analysis  and  shown  in  Figure 
75  is  given  below.  The  equations  derived  are  valid  for  any  set  of 
consistent  units. 

force  transmitted  between  the  carrier  and  the  planet, 
tangent  to  the  planet  orbit 

FRi  tangential  force  transmitted  between  the  ring  gear  and  the 

i1-^  planet  gear 

F<,j  tangential  force  transmitted  be'.ween  the  sun  gear  and  the  i^ 

planet  gear 

ip  mass  moment  of  inertia  of  each  planet  about  its  own  center 
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mass  moment  of  inertia  cf  the  ring  gear 
mass  moment  of  inertia  of  the  sun  gear 
mass  of  each  planet  gear 

number  of  uniformly  spaced  and  identical  planets 

linear  compliance  between  the  planet  and  the  carrier,  effect¬ 
ive  value  tangent  to  the  nlanet  orbit 

angular  compliance  between  the  ring  gear  and  the  ground 

linear  compliance  between  the  planet  and  the  ring  gears, 
effective  value  tangent  to  the  pitch  circles 

linear  compliance  between  the  sun  and  the  planet  gears, 
effective  value  tangent  to  the  pitch  circles 

radius  of  the  planet  orbit 

pitch  radius  of  the  planet  gears 

pitch  radius  of  the  ring  gear 

pitch  radius  of  the  sun  gear 

transmitted  torque  acting  at  the  hub  of  tiie  planet  carrier 

torque  applied  to  ling  gear  through  its  torsionally  resilient 
support 


Tg  applied  torque  acting  at  the  hub  of  the  sun  gear 

sinusoidal  excitation  introduced  at  the  planet-ring  mesh  of 
the  i^  planet  gears  expressed  as  a  linear  displacement 
tangent  to  the  pitch  circle 

sinusoidal  excitation  introduced  at  the  sun-planet  mesh  of  the 
i^h  planet  gears,  expressed  as  a  linear  displacement  tangent 
to  the  pitch  circle 

angular  position  of  common  centerline  of  the  sun  gear  and  the 
itn  planet  gear,  relative  to  ground 

&£  angular  position  of  the  planet  carrier,  relative  to  ground 

Qp^  angular  position  of  the  i1*1  planet  gear,  relative  to  ground 

9r  angular  position  of  the  ring  gear,  relative  to  ground 
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@s  angular  position  of  the  sun  gear,  relative  to  ground 

oj  angular  frequency  of  all  the  excitations 


For  each  of  the  gears,  equations  may  be  written  for  the  sum  of  the  applied 
torques  equal  to  the  moment  of  inertia  times  the  angular  acceleration. 

From  Figure  75,  these  are 


for  th'  sun  gear, 


for  each  placet  gear, 


TS  "  ZFSi  ’  RS  “  IS^"9S') 


(130) 


FSi  •  RP  -  FRi  *  *p  *  V-Vi* 


P'  Pi 


(181) 


for  the  ring  gear, 


ifri  •  “s  -  tr  ■  V-V 


(182) 


for  the  carrier, 


FFCi  RC  "  TC  ’  IC(_eC) 


(133) 


For  each  of  the  planet  gears,  the  equation  may  be  written  for  the  sum  of  the 
applied  forces  equal  to  the  mass  times  the  linear  acceleration,  or 


F  +  F 
Si  Ri 


Ci 


V 


Bi 


(184) 


If  the  linear  system  described  by  these  equations  is  subjected  to  sinusoidal 
excitation  of  angular  frequency  w,  the  resulting  motions  and  forces  will  also 
be  sinusoidal  and  of  the  same  frequency  Therefore,  if  each  of  the  variables 
is  understood  to  now  represent  the  peak  values  of  the  resulting  sinusoidal 
,’ariations,  then  the  angular  accelerations  may  each  be  replaced  as  follows: 


tl 


e 


s 


(185) 


l» 


If 


If 

Pi 


C^) 

(187) 

(188) 
(189) 
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Equations  (180)  through  (184)  may  now  be  written  in  the  following  manner, 
in  which  the  arrangement  of  terms  has  also  been  changed  in  order  to  keep  Tg 
and  Ug  or  the  Fg^  terms  on  the  rignt-hand  side. 

From  Equations  (180)  and  (185), 

^FSi  ‘  Rg  ITS  -  Isw26sJ  (190) 

From  Equations  (181)  and  (186)  , 

RP  ’  FRi  +  lp'~  SPi  S'  FSi  ^191^ 

When  all  planets  are  summed,  this  becomes 

Vfri  +  vHi  ■  VFS1  (192) 

From  Equations  (182)  and  (187), 

VFR1  '  TR  ^Vr  "  0  <193> 

From  Equations  (183)  and  (188), 

VFC1  -  “\*c  -  Tc  -  0  (194) 

From  Equations  (184)  a..d  (189), 

FRi  -  FC1  -  “Vc°Fi  '  -FSi  (I,5) 


When  all  Dlanets  are  summed,  this  becomes 

EFRi  -  EFCi  -  “2Vcl\i  '  -:FS1  <196) 

The  next  set  of  equations  relates  the  displacements  and  the  rotations. 

Note  that  tne  displacement  at  each  of  the  flexible  members  is  equal  to  the 
force  transmitted  times  the  compliance  of  that  member. 

The  motion  of  each  planet  center  in  terms  of  the  rotation  of  the  carrier  is 

(-9Bi,RC  ■  +  FC1  '  <>c  (197) 

Summed  for  all  planets  and  rearranged,  this  becomes 


-  Wc  +  RCie6i 
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“c^Ci 


0 


(198) 


The  total  motion  of  the  planet  at  the  sun-planet  mesh  in  terms  of  the 
rotation  of  the  sun,  with  the  introduction  of  the  sun-planet  mesh  excita¬ 
tion,  becomes 

(-9bi>"c  +  <-9Pl)RP  ■  (-0s>Rs  -  FS1  '  %  +  Esi  (1,,; 

Summed  for  all  planets  and  rearranged,  this  becomes 

-RC£%  -  V9Pi  ■  -Ws  -  1SEFSi  +  EeS1  ;200) 

The  total  motion  of  the  planet  at  the  planet-ring  mesh  in  terms  of  the 
rotation  of  the  ring,  with  the  introduction  of  the  planet-ring  excitation, 
becomes 

<-6Bl)RC  -  <-9Pi)RP  ■  -<-9R)RR  -  FR1  '  %  +  ER1  <201> 

Summed  for  all  planets  and  rearranged,  this  becomes 

-RCt9Bi  +  RrE0pi  -  Wr  +  1refri  ■  EeR1  <202> 

The  motion  of  the  ring  relative  to  ground  is 

(~V  *  TRQG  (203) 

Equation  (203)  may  now  be  substituted  into  Equation  (193)  to  give 

Rrefr1  +  <»2IrQg  -  1)IR  -  o  (204) 

Similarly,  Equation  (203)  may  be  substituted  into  Equation  (202)  to  give 

-RCE9B1  +  RPE0Pi  +  ',Wr  +  qREFRi  ■  EeR1  (209' 

These  quations  relate  the  transmitted  torque  T^,  and  angular  motion  0^  to 
the  applied  torque  and  angular  motion  6^,  including  also  the  effect  of 
the  excitations. 

Assumption  number  5,  stated  at  the  beginning  of  the  dynamic  analysis  of  the 
planetary  gear  stage,  imposes  important  restrictions  on  the  excitation 
summation  terms  in  Equations  (200)  and  (205).  If  each  set  of  excitations 
is  of  the  same  amplitude  with  non-zero,  uniformly  spaced  phase  relation¬ 
ships,  each  summation  is  equal  to  zero.  This  may  best  be  demonstrated  with 
the  aid  of  an  illustration.  If  the  number  of  planets  is  four,  the  phase 
separation  would  be  90°  or  n/2  radians.  The  individual  excitations  would 
then  be 


i,  *  sin(oit) 

1  o 

£_  =  e  sin(u)t  +  n / 2 ) 
2  o 
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£_  *  c  sin(uit  +  tt) 

J  o 

e.  =  e  stn(wt  +  3tt/2) 

4  o 

The  summation  of  these  is  then 

Ie.  =  c  +  e„  +  C-+  e. 
i  o  2  3  4 

Ie,  =  c  sin(u)t)  +  e  sin(uit  +  tt / 2 )  +  e  sin(wt  +  tt)  +  e  sin(wt  +  3tt/2) 
i  o  o  o  o 

Ee,  =  e  sinut  +  £  coswt  -  £  sinuit  -  £  coswt 
i  o  o  o  o 


If  the  two  excitation  summations  are  equal  to  zero,  the  excitations  dis¬ 
appear  from  Equations  (200)  and  (205).  This  indicates  that  under  these 
conditions  of  excitation,  there  is  no  excitation  influence  on  the  relation¬ 
ship  between  applied  and  transmitted  torque  or  angular  motion.  This  does 
not  mean  that  the  effect  of  these  fully  balanced  excitations  is  n^t  felt 
within  the  planetary  gear  stage  but,  rather,  that  this  effect  is  completely 
internal  and  doe?  not  play  any  role  in  the  dynamics  of  the  external  system. 
(The  internal  dynamics  will  be  discussed  later  in  the  analysis.) 

There  is  one  special  case  where  there  is  no  balancing  of  excitations  and 
where  the  excitations  do  act  on  the  system  dynamics.  This  case  occurs  when 
there  is  a  zero  phase  relationship  between  the  individual  excitations  at  the 
sun-planet  mesh  and,  similarly,  between  the  excjtations  at  the  planet-ring 
mesh. 

Under  these  conditions, 


r<cSi>0  J  Vso 

(206) 

I(ERiJ0  =  KPER0 

(207) 

At  the  same  time,  the  symmetry  imposed  by  the  equal  and  synchronized  excita¬ 
tions  requires  that  all  the  unknown  forces  and  motions  associated  with  the 
planets  also  be  equal  and  synchronized.  Therefore, 


IF 

1  Si 

=  N  F 

PS 

(20d) 

IF 

^  Ri 

=  npfr 

(209) 

EFCi 

=  NPFc 

(210) 

I6Pi 

=  NP  p 

(211) 

Z6Bi 

=  „ 

P  B 

(212) 
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With  the  substitutions  of  Equations  (206)  through  (212),  Equations  (190), 
(192),  (194),  (196),  (198),  (200),  (204),  ami  (205)  become 


Vs  •  <T  -  V‘V/RS 

(211) 

* 

Wr  +  VVp  •  Ws 

(214) 

Wr  +  <>iA  -  1,tr  • 0 

(215) 

• 

R  N  F  -  I  ui2e  -  T  «  0 

L  r  L  v  L 

(216) 

NPFR  -  NPFC  -  VA  B  -  -N’pFS 

(217) 

^CNPFC-  RCNP6C  +  rcnp9b  =  0 

(218) 

-RCNP6B  -  Wp  "  “Ws  -  «SNPF8  +  VsO 

1219) 

-rcnp6b  +  Vp9?  +  Wptr  +  Wr  *  Vro 

(220) 

Note  that  Equations  (214)  through  (220)  have  all  the  unknown  variables  on 
the  left-hand  side  and  the  known  variables  Fg,  0,,,  t:^,  and  c  on  the 
right-hand  side.  F  is  included  among  the  known  torque  T,,  ana  motion  6,. 
applied  at  the  start  of  the  planetary  stage. 

Equations  (214)  through  (220)  are  listed  in  tabular  form  in  Table  XXXTIT. 
The  solution  of  these  simultaneous  equations  will  give  the  transmitted 
torque  Tc  and  motion  6^,  as  well  as  the  individual  gear  tooth  forces. 

In  relating  these  equations  to  the  Holzer  analysis,  if  the  planetary  gear 
stage  is  located  at  station  n,  the  following  equivalences  apply: 


-  T 

i  n 

(221) 

0 

n 

(222) 

n+1 

(223) 

* 

n+1 

(224) 

It  should  be  noted  that  Equations  (214)  through  (220)  and  their  solution 
may  also  apply  when  there  is  no  internal  excitation;  that  is,  when  the 
excitation  is  completely  external  and  is  introduced  by  means  of  the  dynamic 
applied  torque  T<,  and  motion  6„.  The  only  condition  implied  is  that  in 
transmitting  the  dynamic  effects,  the  planets  undergo  motions  and  sustain 
forces  which  are  all  equal  and  synchronized  in  phase  relationship.  This 

t 
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condition  may  be  considered  as  a  realistic  one  if  only  because  there  is  no 
reason  to  expect  that  more  complex  forms  of  dynamic  response  will  be 
generated. 

The  case  when  the  excitations  have  non-zero,  uniformly  spaaed  phase  relation¬ 
ships  will  now  be  considered.  As  pointed  out  previously,  the  effect  of 
these  excitations  is  completely  internal  to  the  planetary  gear  stage. 

For  the  case  when  the  only  excitation  at  the  particular  frequency  is  within 
the  planetary  system,  the  external  dynamic  torques  and  motions,  whether 
applied  at  the  sun,  Tg  and  0,,,  transmifed  by  the  carrier,  T^,  and  0^,,  or 
experienced  by  the  ring  gear,  and  0  ,  are  all  equal  to  zero.  The  same 
conditions  of  excitation  impose  a  symmetry  that  dictates  that  not  only  are 
the  summations  of  excitation  equal  to  zero,  but  also  the  summations  of  all 
planet  forces  and  motions  are  equal  to  zero.  Therefore,  equations  with  sum¬ 
mations,  Equations  (190),  (192),  (193),  (194),  (196),  (198),  (200),  (202), 
and  their  derivatives,  all  degenerate  into  identities  of  0  -  0.  Only  the 
equations  written  foj  '•'dividual  planets  still  apply.  When  one  planet  i.-> 
selected  as  typical,  ~n  it  is  recogni  .  d  that  the  other  will  be 

identical  except  for  t  jrra  phase  shift  in  all  its  forces  and  motions, 

the  remaining  equation.;,  (191),  (195),  (197),  (199),  and  (201),  now  become 


Vr  +  V"8p  -  Vs  •  0 

(2  :*:) 

:  -  Fc  -  W2jb  +  Fs  '  0 

(226) 

-Vn  -  "c Fc  •  0 

(227) 

Vb  -  Vp  +  ”sF3  ■  CS 

(228) 

“RC6B  +  Vp  qRFR  “  eR 

(229) 

These  five  equations  are  listed  in  Table  XXXIV  and  may  be  solved  simulta¬ 
neously  to  find  the  five  unknowns.  This  solution,  which  is  independent 
of  external  system  da  i ,  has  no  links  with  the  Holzer  analysis  and  need  not 
be  part  of  the  overall  system  calculation.  Instead,  the  necessary  circula¬ 
tion  is  provided  by  an  auxiliary  program  which  treats  each  planetary  gear 
stage  by  itself.  In  the  special  case  where  excitations  of  the  same  fre¬ 
quency  occur  inside  the  planetary  system  and  also  in  the  main  system,  the 
oiuy  treatment  possible  is  to  find  the  two  sets  of  solutions  and  to  combine 
them  by  superposition.  In  treking  this  combination,  note  that  the  results 
from  the  auxiliary  calculation  described  immediately  above  must  be  staggered 
in  phase  tor  the  individual  planets  before  being  combined  with  the  results 
of  the  main  calculation  described  earlier. 
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DESCRIPTION  OF  MAIN  COMPUTER  PROGRAM 


Organization  of  Stations 

Selection  of  Stations 


Stations  are  established  where  one  or  more  of  the  following  descrip¬ 
tions  apply: 

a.  The  free  end  of  any  portion  of  the  system,  including  the  end 
and  beginning  of  the  main  system  and  the  end  of  anv  branch. 

b.  Th  point  at  which  a  concentrated  inertia  is  acting.  By 
concentrated  inertia  is  meant  an  inertia  which  is  not  cal¬ 
culated  by  the  program  from  given  cylindrical  dimensions. 

c.  The  point  at  which  a  concentrated  compliance  is  connected  to 
the  inertia  which  precedes  or  follows  it.  This  inertia  may 
be  either  concentrated  or  of  the  distributed  type  calculated 
by  the  program. 

d.  The  point  at  which  external  constraints  are  applied  to  the 
system  in  the  form  of  an  elastic  restraint  or  in  the  form 
of  damping. 

e.  Each  member  of  a  simple  gear  set,  but  without  any  stations 
between  these  two. 

f.  The  start  and  end  of  a  planetary  gear  stage. 

g.  Where  inertias  and  compliances  arf  to  “>e  computed  by  the 
program,  at  any  point  where  there  are  changes  in  ar.v  of  the 
diameters  used  to  define  the  cy:  ndrical  portions  of  the 
system.  Any  non-cylindr ical  portion,  such  as  a  tapered 
portion,  may  be  approximated  by  converting  it  into  a  series 
of  stepped  diameters. 

Numbering  of  Stations 

The  stations  are  numbered  in  accordance  with  the  following  procedure. 

Refer  also  to  Figure  76. 

a.  Select  <>  main  system"  which  begins  at  a  free  end  and  trace 
a  path  through  the  system  components  until  it  reaches  another 
free  end.  This  path  has  the  restriction  that  any  branches 
which  remain  may  not  have  further  branching  on  themselves. 
Also,  the  path  must  enter  each  planetary  stage  through  the 
sun  gear.  In  Figure  76,  the  main  systt  .  selected  consists 
of  the  paths  1-4,  9,  15-20,  and  25-4C.  The  main  system 
might  also  have  been  selected  as  1-4,  c>,  15-20,  and  25-21 
(which  would  of  course  require  changes  tr.  station  numbers). 
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However,  a  main  system  with  the  path  10-20,  and  25-40  would 
not  be  permissible,  because  the  branch  of  5-9  would  then  have 
the  branch  of  1-4  on  itself.  Also,  a  main  system  with  the  path 
40-25,  20-15,  9  and  4-1  would  not  be  permissible,  because  it 
enters  the  planetary  stages  from  the  carrier  side. 

b.  Start  numbering  the  stations  beginning  with  1  at  the  starting 
free  end,  continuing  in  sequence  until  a  common  station  with 
a  branch  is  reached.  Do  not  give  the  common  station  the  next 
number.  Instead,  go  to  the  free,  far  end  of  the  branch, 
continuing  the  numbering  sequence  at  this  far  end  and  number¬ 
ing  along  the  branch  until  the  common  is  reached.  The  common 
t  :en  receives  the  next  number,  and  numbering  is  continued 
along  the  main  system.  The  same  procedure  is  followed  when¬ 
ever  another  branch  is  encountered.  The  end  of  the  main 
system  receives  the  highest  station  number. 
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Input  Variables,  Format,  and  Instructions 


Card  1  Title,  Format  (72H).  This  card  precedes  each  set  of  input 
data. 

a.  Printing  instructions,  column  1. 

For  printer  to  skip  a  line,  use  0. 

For  printer  to  go  to  next  sheet,  use  1. 

b.  Title,  columns  2  through  72. 

Card  2  Control  numbers.  Format  (715) 

a.  NS  Total  number  of  stations.  (NS  <_  200) 

Specification  for  selection  of  stations  given  in 
earlier  section. 

Place  lust  digit  of  this  number  in  column  5. 

b.  NB  Number  of  stations  with  external  constraints,  in  the 

form  of  elastic  restraint  or  damping,  both  with 
respect  to  ground.  (NB  <_  NS) 

Place  last  digit  of  this  number  in  column  10. 

c.  NBR  Number  of  branches,  without  including  main  system. 

(NBR  <_  20) 

Place  last  digit  of  this  number  in  column  15. 

d.  NMPG  Total  number  of  cases  of  gear  excitation.  A  change  in 

station  number,  frequency,  or  magnitude  of  either 
component  constitutes  a  separate  case.  In  the  plan¬ 
etary  stations,  one  pair  of  sun  and  ring  excitations 
of  the  same  frequency  constitutes  one  case.  Individ¬ 
ual  solutions  are  found  for  each  case.  Except  in  the 
planetary  stages,  when  there  are  multiple  excitations 
of  the  same  frequency  at  different  points  in  the  sys¬ 
tem,  the  solutions  for  the  individual  excitations  must 
be  combined  outside  the  program. 

Place  last  digit  of  this  number  in  column  20, 

e.  INP  Identification  as  to  whether  this  control  card 

represents  the  last  complete  set  of  input  data  being 
submitted . 

If  more  sets  of  input  data  follow,  use  0. 

If  this  is  the  last  set,  use  1. 

Place  this  digit  in  column  25. 


f.  NSRG 


Number  at  simple  gear  sets.  (0  <  NSRG  <_  20) 

Each  set  consists  of  two  gears.  If  an  Idler  Is 
used  between  two  gears,  the  combination  must  be  # 

represented  by  two  simple  gear  sets,  where  the 
idler  Is  replaced  by  two  connected  gears  with  no 
compliance  between  them  and  with  a  total  inertia 
equal  to  that  of  the  idler.  Where  one  gear  drives 
two  or  more  gears,  each  leading  off  to  separate  • 

branches,  a  similar  conversion  must  be  made.  If 
one  gear  drives  through  multiple  gears  back  into 
the  main  system,  in  a  so-called  star  arrangement, 
the  only  treatment  possible  in  this  program  is  to 
combine  the  multiple  intermediate  gea  s  into  one 
composite  gear,  assuming  that  the  excitations,  if 
any,  are  torsionally  synchronous. 

Place  the  last  digit  of  this  number  in  column  30. 

g.  NPLG  Number  of  planetary  gear  stages.  (NPLG  <_  2) 

Place  this  digit  in  column  35. 

Card  3  P.otor  material  properties.  Fermat  (5X,  2E  12.4) 

a.  GM  Shear  modulus  of  elasticity,  lb-in. '  .  May  be  zero 

only  if  all  values  of  RL  in  the  rotor  data  are  zero. 

Use  columns  6  through  17. 

3 

b.  DENST  Weight  density,  Ib/in.  .  May  be  zero  only  if  all 

values  of  RL  in  the  rotor  data  are  zero. 

Use  columns  18  through  29. 

Cards  4-1  to  4-Nfi  Rotor  data.  Format  (15,  6E  12.4) 

a.  NSTA  Station  number  at  or  after  which  the  rotor  data 

apply.  There  must  be  given  in  numerical  sequerce 
with  no  omissions. 

Place  the  last  digit  of  this  number  in  column  5. 

2 

b.  RIP  Moment  of  inertia  concentrated  at  station,  lb-in.  . 

This  includes  any  Inertia  in  the  system  which  is 
not  to  be  calculated  by  the  program  from  dimensional 
data.  At  the  stations  for  simple  gear  sets,  list  the 
inertias  of  both  members  in  the  rotor  data.  All 
planetary  inertias  are  included  only  in  the  separate 
planetary  data  cards.  The  station  which  immediately 
follows  the  planetary  may  have  its  own  Inertia. 

Use  columns  6  through  17. 
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c.  RL 


d.  DST 


e.  DMS 


f.  DIN 


g.  CCOM 


Length  of  uniform  cylindrical  shaft  section  between 
this  station  and  the  adjoining,  higher-numbered 
station,  in.  At  the  station  for  the  first  member 
of  a  simple  gear  set  and  at  the  station  for  a 
planetary  gear  stage,  uae  0.0.  At  the  terminating 
or  last  station,  use  0.0  or  1.0. 

Use  columns  18  through  29. 

Outer  diameter  for  stiffness  calculation  of  the 
cylindrical  shaft  section,  in.  This  diameter 
measures  the  section  which  transmits  torque.  If  the 
actual  shaft  section  is  reduced  as  by  a  keyway,  a 
diameter  which  approximates  the  reduced  section 
should  be  used.  At  the  station  for  the  first  member 
of  a  simple  gear  set  and  at  the  station  for  a 
planetary  gear  stage,  use  0.0.  At  the  terminating 
station,  use  0.0. 

Use  columns  30  through  41. 

Outer  diameter  for  mass  calculation  of  the  cylindri¬ 
cal  shaft  section,  in.  This  diameter  measures  the 
section  which  contributes  inertia.  It  may  include 
any  assembled  sleeves  or  hubs  which  extend  the  full 
distance  and  which  rotate  with  the  shaft.  Use  0.0 
for  the  special  stations  as  described  under  DST. 

Use  columns  42  through  53. 

Inner  diameter  for  both  stiffness  and  mass  calcula¬ 
tion  of  the  shaft  section,  in.  If  the  shaft  section 
is  solid,  use  0.0.  Use  0.0  for  the  special  stations 
as  described  under  DST. 

Use  columns  54  through  65. 

Concentrated  compliance  acting  between  this  station 
and  the  adjoining,  higher-numbered  station,  rad/in. - 
lb.  This  compliance  is  separate  from  that  calculated 
by  the  program  from  the  dimensional  data,  and  it 
can  be  used  only  when  there  are  no  such  dimensional 
data  between  the  same  two  stations.  Any  value  listed 
as  a  concentrated  compliance  will  enter  into  the 
computations  only  if  RL  ■  0  for  the  same  station. 

Use  0.0  for  the  special  stations  as  described  under 
DST.  Concentrated  compliances  associated  with  any 
of  the  gears  are  included  only  in  the  special  data 
cards  for  the  particular  type  of  gear  stage. 

Use  columns  66  through  77. 
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Card*  5-1  to  5-NB  External  constraints.  Format  (15,  2E  12.4) 

(Thaaa  cards  are  osilttad  In  KB  *0) 

a.  LB  Station  number  at  which  the  constraints  arc  acting . 

These  mv?t  be  given  In  numerical  sequence. 

Place  laat  digit  of  this  number  in  column  5. 

b.  BE  External,  torsional,  elastic  restraint  acting  at  the 

station,  expressed  as  a  torsional  stiffness, 
in. -lb/rad.  In  an  actual  system  which  has  steady 
rotation,  the  stiffness  must  be  0  if  the  restraint 
is  to  ground.  If  in  such  a  rotating  system  the 
restraint  is  to  an  "infinite"  but  rotating  mass,  the 
stiffness  may  have  any  finite  value. 

Use  columns  6  through  17. 

c.  BCE  Coefficient  of  the  external  damping  constraint  acting 

at  the  station,  in. -lb-sec/rad. 

Use  columns  18  through  29. 

Cards  6-1  to  6-NSRG  Simple  gear  set  data.  Format  (15,  4E  12.4) 

(At  least  one  card  must  be  submitted.) 

a.  LS  Station  number  at  which  the  first,  or  lower-numbered, 

member  of  the  gear  set  is  located.  (The  second  mem¬ 
ber  of  the  gear  set  is  understood  to  be  at  the 
station  LS+1,  unless  it  serves  as  a  common  station 
to  a  branch.  In  this  case,  the  second  member  has 
the  number  which  completes  the  branch.)  The  simple 
gear  set  station  numbers  must  be  given  in  numerical 
sequence. 

Place  the  last  digit  of  this  number  in  column  5. 

b.  RP  Pitch  radius  of  the  first  member  of  the  g  -ar  set  at 

station  LS,  in. 

Use  columns  6  through  17. 

c.  RS  Pitch  radius  of  the  second  member  of  the  gear  set,  In. 

Use  columns  18  through  29. 

d.  SG  Combined  linear  compliance  of  the  two  gears,  tan¬ 

gential  to  their  pltc  circles,  in. /lb. 

Use  columns  30  through  41. 
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Cards  7-l-A,B,C  to  7-NPLG-A,B,C  Planetary  gear  stage  data. 

(These  cards  are  omitted  if  NPLG  a  0.  When  they  are 
included,  they  must  appear  in  sets  of  three,  and  each 
set  must  be  arranged  in  the  order  given.) 

« 

First  card  of  set  -A  Planetary  geometry.  Format  (15,  3E  12.4) 

a.  LEC  Station  number  at  the  start  of  the  planetary  stage. 

This  location  of  the  station  is  at  the  connecting 

*  point  to  the  sun  gear,  but  the  station  does  not 

include  the  sun  gear.  The  sun  gear  and  other 
planetary  components,  including  the  planet  carrier, 
lie  between  this  station  and  the  one  following  it. 

Place  the  last  digit  of  this  number  in  column  5 

b.  PN  Number  of  planet  gears  in  the  planetary  stage. 

Use  columns  6  through  17.  Do  not  omit  decimal  point. 

c.  RS  Pitch  radius  of  the  sun  gear,  in. 

Use  columns  18  through  29. 

d.  RV’  Pitch  radius  of  the  planet  gear,  in.  The  pitch 

radius  of  the  ring  gear  will  be  calculated  within 
the  program  by  adding  double  the  planet  radius  to 
the  sun  radius. 

Use  columns  30  through  41. 

Second  card  of  set  -B  Planetary  inertias.  Format  (15,  5E  12.4) 

a.  IPL  Station  number  of  the  planetary  stage,  the  same  as 

LEC. 

Place  the  last  digit  of  this  number  in  column  5. 

b.  PMS  Weirut  on  one  planet  gear,  lb.  This  includes  all 

components  which  rotate  with  the  planet  -  everything 
between  bearing  surface  and  gear  teeth.  One-half 

*  the  weight  of  any  rolling  elements  in  the  bearing 

should  be  included. 

Use  columns  6  through  17. 

2 

*  c.  PSP  Moment  of  inertia  of  the  sun  gear,  lb.  in.  .  This 

includes  all  components  between  the  point  of 
connection  to  the  outside  system  and  the  gear  teeth. 

Use  columns  18  through  29. 
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Moment  of  inertia  of  each  planet  gear,  lb-in.  . 

This  includes  all  components  used  in  computing  the 
weight.  PMS . 

* 

Use  columns  30  through  41. 

2 

Moment  of  inertia  of  the  ring  gear,  lb-in.  . 

This  includes  all  components  between  the  gear  teeth 
and  the  point  of  elastic  connection  to  ground.  If  e 

the  connection  to  ground  is  rigid,  with  zero 
compliance,  any  finite  inertia  may  be  used  for  the 
ring  gear. 

Use  columns  42  through  53. 

2 

Moment  of  inertia  of  the  planet  carrier,  lb-in.  . 

This  includes  all  components  between  the  bearing 
surfaces  in  the  planet  gears  and  the  point  of 
connection  to  the  outside  system. 

Use  columns  54  through  65. 

Third  card  of  set  -C  Planetary  compliinces.  Format  (15,  5E  12.4) 

a.  IPL  Station  number  of  the  planetary  stage,  a  repetition  of 

the  value  in  the  previous  card. 

Place  the  last  digit  of  this  number  <n  column  5. 

b.  SS  Combined  linear  compliance  of  each  sun-planet  gear 

mesh,  tangential  to  its  pitch  circle,  in. -lb.  If 
the  sun  gear  construction  is  such  that  there  is  a 
significant  compliance  between  the  hub  and  the  rim, 
the  starting  connection  point  to  the  sun  gear  should 
be  redefined  as  located  at  the  rim.  The  hub  would 
then  be  associated  with  the  outride  system  as  a 
separate  station,  with  the  structural  compliance  of 
the  sun  gear  as  a  connecting  concentrated  compliance. 

In  this  case,  tha  mesh  compliance  still  appears 

under  SS,  but  the  sun  gear  inertia  under  PSP  would  be 

limited  to  that  of  the  rim  construction.  • 

Use  columns  6  through  17. 

c.  SR  Combined  linear  compliance  of  each  planet-ring  gear 

mesh,  tangential  to  its  pitch  circle,  in. -lb. 

Use  columns  18  throned!  29. 


d.  PIP 


e.  PRP 


f .  PCP 
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d.  SW  Linear  compliance  of  the  planet  support  in  the  planet 

carrier,  tangential  to  the  path  of  planet  centers, 
in. -lb.  This  compliance  is  the  combination  of  the 
compliance  of  the  planet  bearing  and  the  compliance 
of  any  portion  of  the  carrier  which  will  deflect  with 
the  individual  planet.  If  the  carrier  construction 
is  such  that  there  is  a  compliance  between  a  hub  and 
a  rim-type  member  which  supports  all  the  planets 
collectively,  this  structural  compliance  may  be 
combined  with  the  others  to  give  a  total  planet 
carrier  compliance.  Alternatively,  the  system  may  be 
changed  so  that  the  end  of  the  planetary  stage,  that 
is,  its  connection  to  the  external  system,  is  taken 
at  the  rim-type  member.  In  this  case,  the  hub  becomes 
associated  with  the  outside  system  as  a  separate 
station.  The  compliance  between  hub  and  rim  then 
appears  as  a  separate  concentrated  compliance  between 
rhe  station  at  the  close  of  the  planetary  stage  and 
the  new  station  for  the  hub.  With  this  change,  the 
compliance  used  under  SW  is  the  combination  of  only 
the  first  two  compliances  mentioned  above;  namely, 
those  associated  with  the  individual  planet. 

Use  columns  30  through  41. 

e.  Blank  Columns  42  through  53  are  not  read  in  this  main  computer 

program.  The  auxiliary  program  used  in  conjunction 
with  this  main  program  will  take  the  same  input 
planetary  data  on  the  same  cards,  except  for  one  item 
for  which  this  field  has  been  reserved. 

f.  ST  Angular  compliance  of  the  support  between  the  ring  and 

ground,  rad/in. -lb.  If  the  ring  is  rigidly  connected 
to  ground,  set  this  compliance  equal  to  zero. 

Use  columns  54  through  65. 

Cards  8-1  to  8-SR  Branch  data.  Format  (215) 

These  cards  are  omitted  if  BR  =  0, ) 

a.  LBR  Number  of  the  first  or  free  end  station  of  the  branch. 

Place  the  last  digit  of  this  number  in  column  5. 

b.  LBS  Number  of  the  common  station  of  the  branch  at  which  it 

is  connected  to  the  main  system. 

Place  the  last  digit  of  this  number  in  column  10. 
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Cards  9-1  to  9-NMPG  Gear  excitation  data.  Format  (15,  6E  12.4) 
(These  cards  may  be  submitted  In  any  order.) 

a.  IT  Station  number  which  identifies  the  gears  at  which  the 
excitation  is  introduced.  For  simple  gear  sets,  the 
number  of  the  first  member  is  used,  as  for  LS  in 
card  6.  For  planetary  gear  stages,  the  station  number 
at  the  start  of  the  planetary  is  used,  as  for  LEC  in 
card  7-A. 


b.  FFQ 
(TE1) 


c.  AXY 
or  AXYl 
(TE2) 


d.  EXY 
or  BXY1 
(TE3) 


e.  AXY2 
(TE4) 


f .  BXY2 
(TE5) 


Place  the  last  digit  of  this  number  in  column  5. 

Frequency  of  the  excitation,  cps. 

(TE1  is  used  for  temporary  storage.) 

Use  columns  6  through  17. 

The  real  or  cosine  component  of  the  linear  excitation 
in  the  simple  gear  set  (AXY)  or  in  the  sun-planet  mesh 
of  the  planetary  gear  stage  (AXYl),  in.  This 
excitation  is  introduced  at  the  gear  mesh  tangential 
to  the  pitch  circles. 

(TE2  is  used  for  temporary  storage.) 

Use  columns  18  through  29. 

The  imaginary  or  sine  component  of  the  linear  excitation 
described  above,  in. 

Use  columns  30  through  41. 

The  real  or  cosine  component  of  the  linear  excitation 
in  the  planet-ring  mesh  of  the  planetary  gear  stage, 
in.  This  excitation  is  introduced  at  the  gear  mesh 
tangential  to  the  pitch  circles.  On  a  card  with 
excitation  for  a  simple  gear  set,  this  field  is  left 
blank.  (TE4  is  used  for  temporary  storage.) 

Use  columns  42  through  53. 

The  imaginary  cr  sine  component  of  the  linear  excitation 
described  just  above,  in. 

Use  columns  54  through  65. 
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Output  Variables  and  Explanations 

Tabulation  of  Input  Data 
*  ~  . " . . . 

Title  -  as  in  input  card  1 

Control  numbers  -  NS,  NB,  NBR,  NMPG ,  1NP,  NSRG,  NPLG ,  as  in  input 
card  2. 

% 

Rotor  material  properties  -  GM,  DENST,  as  in  input  rard  3. 

Rotor  data  -  NSTA,  RIP,  RL,  DST,  DMS,  DIN,  CCOM,  as  in  input  card  A. 

External  constraint  data  -  LB,  .BK,  BCB,  as  in  input  card  5. 

Simple  gear  set  data-LS,  RP,  RG,  SG,  as  in  input  card  6. 

Planetary  gear  stage  data  -  LEC,  PN,  RS,  RW  )  all  as  in 

IPL,  PMS ,  PSP,  PID,  PRP ,  PCP)  input 
IPL,  SS,  SR,  SW,  Blank,  ST  )  cards  7. 

Branch  data  -  LBR,  LBS,  as  in  input  card..  8. 

Excitation  data-IT,FFQ,AXY  or  AXYL,  BXY  or  BXY1,  AXY2,  BXY2 ,  as  in 

input  cards  9.  Each  set  of  excitation  data  is  given 
»  separately  followed  by  its  own  calculated  response. 

Calculated  Data 

Computed  response  at  each  simple  gear  set  -  LS,  TTFR,  TTFE 

where:  LS  -  Station  number  identifying  the  simple  gear 
set . 

TTFR  -  Real  or  cosine  component  of  the  dynamic 

tangential  tooth  force  developed  at  the  gear 
mesh,  lb. 

TTFE  -  Imaginary  or  sine  component  of  the  same 
force,  lb. 

Computed  response  at  each  planetary  gear  stage  -  LEC,  Cl,  C2,  C3,  CA 

where:  LEC  -  Station  number  identifying  the  planetary 
gear  stage. 

Cl  -  Real  component  of  the  dynamic  tangential 
tooth  force  developed  at  the  sun-planet 
gear  mesh,  lb. 

C2  -  Imaginary  component  of  the  same  force,  lb. 
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C3  -  Real  components  of  the  dynamic  tangential 
tooth  force  developed  at  the  planet-ring 
gear  mesh,  lb. 

C4  -  Imaginary  component  of  the  same  force,  lb. 
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V 


mi . .  .  i  mfii — m~—  ' 


Program  Listing  of  Source  Deck 

This  program  was  written  In  FORTRAN  II  -  Extended  and  may  bi.  complied  with 
FORTRAN  IV.  It  was  developed  on  the  IBM  1800  computer.  In  the  source 
deck  listing  which  follows,  the  READ  and  WRITE  statements  are  written  with 
the  variable  NR  to  specify  the  reading  unit  and  with  the  variable  NW  to 
specify  the  writing  unit.  To  recompile  the  program  for  the  IBM  7090, 
introduce  the  required  unit  numbers  by  making  the  necessary  changes  on  the 
cards  as  noted  in  the  listing. 

In  addition  to  the  controlling  portion  of  this  torsional  response  program, 
named  TORRP,  there  are  two  subroutines.  The  first,  named  PLNST,  treats 
the  planetary  stage.  The  second,  named  MATIN,  performs  the  matrix  inver¬ 
sion  that  solves  the  simultaneous  equations  of  the  PLNST  subroutine. 

Running  time  on  IBM  1800  was  approximately 

4  minutes  for  a  first  case  of  40  stations  and  one  excitation 

.7  minute  additional  for  each  similar  case  with  new  design  data 

.3  minute  additional  for  each  new  excitation. 


. . .  "  -  II  - -  ■■  ITT  Til  .  . ... _ _  *«**«*.  ' 


TOMf  Tor*lon«l  JtoBSatl  *>«■«  ot  s"t*»  C«ir>,  PImwuw  G-r«.  and  Branch** 


COMMON"  TBRT2V277THETT.2  >  ."TPRT2  1 21".  TPE  (  2 , 2  )  .  TF  5PK  I  2  ,7T  >TF?Prr2.2  )  ♦ 

1  TFPRR(2.2) >  TFPRE (2.2 ) ,TTPCR(2.2) ,  TTPCE ( 2 1 2 ) . T TGRR f  2*2)  .TTGREI 2.2) 

1 .BKI50) *LEC ( 2 ) *RS ( 2 ) . RW ( 2  I  ,P IP < 2) *PMS(2 ) *PN ( 2 ) *SS ( 2 ) *SW( 2 ) *SR ( 2 ) . 

2  5TI2)  .LBRI20)  .LEST 20  )  .7CCOM1200)  iAXYTrA"XY2  iBXYlTBXY2r»"TLR7200r7 - 

3  TLE(20P) .THRI  200) , THE ( 200  )  .  TRR ( 200 ) .TRE (200) *  TRR1 ( 200) 

—  COMMON  A  T7  * 7  T  *B  (  7 , 2T.LSI  20 )  « RPT2tn  7RGTZTTT  * S GT 2 07  *  T R R 2 T2 OTJT* - 

1  TREK20C) .THE1C 200)* TLE 1(200 )»TRE2( 200 I.TTFRC 201. TTFEI 20)* 

7  PSP(7V.THRT(700TiTCRl  T200)  .THR2T700T . TCR2T 200TVTHE2  (7007  . - 

3  TLE2I200) *RL ( 200 ) * PCP ( 2 ) *PRP(2) 

COMMON  TT,  7C4 . L  4  ,  MO  IAG . FR 0 2  » A NCR". ANGF.TGrR.T0F’VJVN5  " 

CORRECTIONS  PN336  11/67 

SET  UP  FOR  "EITHER  IBM  1800  OR  GE  "S3  5 
INITIALIZE  NR  AND  NW  FOR  1800 

NW«3 

'2oo  “REAorNRnooi -  - - 

READ! NR, 101 ) NS .NB ,NBR . NMPG  ,  I  NP , NSRG .NPLG ,MD I AG 

C  7JPCG«“'N0i—0F~ PLANETARY'  GEARS  I NPUG * 071  ~ ~0R ~~2T - - 

C  NSRG  «  NO.  OF  SINGLE  REDUCTION  GEARS  (NSRG  *  1  TO  10  ) 


C 

C 

C 


WRITE(NW.IOO) 

WRITE(NW*T03 I  ' 

IF  (MDIAG)  2021 .2019.2021 


To¬ 
ll 
77 
13 

-ra- 

IS 

— fv 
1’ 

-  T  8" 
19 

- 20" 

21 
-27- 
23 


~ 701 V  WRITFTNW ‘.TO  6  T"  NS .  NB ,  NB  R  ,  N MPG  .TNP7N5RG VNPLG 
GO  TO  2022 
2021  WRITE  TNWrrm 

WRI TEINW.  104 ) NS  .  NB .NBR .NMPG .  INP .NSRG .NPLG. MD I  AG 

Tfron  -gmtdenst 

DENST«DENST/386.069 


774 

25 

,r6~ 

27 

~Zt' 

29 


WRTTEINW. 107 ) 


DO  201 
CTTAMGE  INPUT 


J«1»NS 
TO  READ¬ 


CONCENTRATED  COMPLIANCE 


READ(NR.190)NSTA,RIP(J) , RL ( J  )  . DST ( J ) » DMS ( J ) »DIN1 J) .CCOM(J) 

IF(NSTA-J)  2000.2001.2000 

2000  WRITEINW . 1 91  I - - - 

C  PRINT  OUT  CONCENTRATED  COMPLIANCE 

2001  WRI  TEINW. 1UBIN5TA.R IP! J)  .RL  1  J I .D5TT J ) TOMS  I J ) .PTN ( JI .CCOWrJT 
201  RIP(J)*RIP( JI/386.069 

"LBTI )*NS+2 
LEC ( 1 ) *NS+2 
"LBRUI*NSF2 
LBS ( 1 1 »NS+2 
LSUT  »ws»2" 

IF(NB)  202.202.203 
(TTE  (NTTYlOT) 

DO  204  J-l.NB 

REAP  (NR.  190  )  LB  I  J  )  '.BKTU1  >'BCB(  J) 
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-Jtr 

31 

-rr 

33 

“34" 

35 

-3tt 

37 

TT 

39 

-40- 

41 

-err 

43 

-*tr 

45 

"rr 

47 

-4T 


~mr 

hi 


167 

- 155 

169 
- 170 


)P|  :  '-i  ‘I'D  i  '20M,7ffrS;?rtTl 
'  ST  OR  I  VAivE  ■  FOR  SP  GEAR 
201'  '<**’E2  ' 

t)V  r  <■ '  1 3 
l*RITt  TNA.1941 

•AftJTt  INW.103  )  1 7  ,TF1  .TE2.TE3 
•  ~  G2  TO  7020 


221  i  CONTINUE 
'  TEST  FOR  FL  AN. “ GT  »  « 


Ir(NPLG)  2018  .20  i.  8  •  ?C  , 

TOTET  w  mr  751. NPt  G  i .  '  - 

i  f i  iY-lfci.  1 1 )  20:  ■  ,2o:  a.2c i  v 

7P1«  WR1TE(W;I95) .  —  —  "  . . . 

AXY1*TE2 

'9XY1-TE3 . . .  . .  . 

AXY2-TE4 

BXY2-TF5  . .  ' 

WRITE (NW. 108) I '.’El . TE2.TE3.YfA.TK 3 

GO  TO  2023  . . . 

2017  CONTINUE 

7CT8  >JRITETNWVI77) -  -  -  - .  ■  — 

CALL  EXIT 

2220  FFQ»TE1 . .  . . .  .  . - 

C  CORRECTIONS  FOR  FREQUENCY  ■"  t  TIKE 

-  FRO -6.7531 857*FFG  '  - - - - 

I F ( FRO  I  501.5C1.F9U 

599  FRQ2«FRO*FRTJ -  - -  - 

Ml  *  1 

5C2  ANGR*C.O  -  - 

ANGE-0.0 

-  TOR-O.O -  -  '  ~  -  - 

TGE-0.0 

in  3R*TJiTJ -  —  - - 

A13E-0.0 

<1-1 . 

K?«l 

-  K**I - - -  - 

K5-NS+2 

- cr8tBRTrJ -  - . .  - 

L2«LBI 1 ) 

G  INTTI  ALTZETOIT  TIO.  'OF  SINGLE  RED.  GEARS 
NG«1  _ 

L3-LS1 1 ) 

C'TO'SET  UP  FOR  NO  “PLANETAR  Y  GEARS'  •  AFTCR  GTATtWEfTY  73? 
L4  »LEC 1 1 1 

227  ANGR-1.0 

- 275DO~5C7"  7*71175 -  -  ~  - . . . 

IFTJ-L1)  231.230.231 


119 

- 175 

121 

- 177 

123/ 

- T75 

125 

. 175 

127 
‘  175 
129 

- 175 

131 

- TT7 

133 

- TT4 

135 

- T3V 

137 
— T38 
139 

- 1W 

141 


232  TL1R-TOR 


_ TL1E-TQE 

ILlE*ANtE 
562  ANGR* 1*0 


256 


W^-naer.s'mm 


uwwNNcaMSM 


*  • 


ft 


GO  TO  235 

234  TL2R*TQR 
TL2FrTQE 
AL2P--ANGR 
AL2E  =  A‘iCF 

564  ANGR- L  • 

ANGE*', 

TOR*';* 

TQE*C. 

A  1  3  R  *  ^ . 

A  I 3E*C .  . 

235  <  5 * L B S i K  I  i 
K  6  *  L  1 

Kl-Kl  +  1  ' 

I  FTNBR'-Kl  1  237,236.236  . . 

236  L  1  *LBR ( < 1 J 

GO  TO  240  --  " 

237  L  1  *NS+2 

- - iTO~TO‘"2T9 .  . . 

231  I F ( J-K5 )  249,236.240 

'  2  38  ■lF  (  «r-irT58V24F,7.  2 '  * 

C  FIND  AMPLITUDES 

248  A  A 1  *  TANGIT*  A  NGR  A  NO  f  *  A  ,n  GE  !  * 

A A2  *  SORT  l  f Al  ■ 

- A'AT'VALWANi.R  *  AL]  E^AAGF  '  ■■  ' 

A  A  3  *(AL1R*A!.1R  fALlt*ALU) 

A  A4-*  TQTTT  UOTii 
IF  (AA2-1.0E -7*AAa  242,241,24. 
241  AA'IT"*AA5/aA! 

A  AE  *  <ANGR*Al.ir  ANGE  *AL  1  R  i  ,'AA1 

fET'i  T5(?  '*  ’  •  *“  ‘ 

TE2  *  TLiR 

.  ..  _Trj.  W-Tcr  . . 

TE4  *  tl:e 
ANGR*  ALlR 
ANGE  *  AL1E 

RT«K6 

K8*K5-1 


2  42  AAR  >  AA^/  A  A3 

- rAr~r  ~sutrtangf  a  l  tf»a  ito*  r  ■>  •  ror - - 

TEl  *  TLIR 

- tfttw — . . . 

TE?  *TL1E 

- TTV  VTOF-  . .  '  •  -  - 

K7«l 

"  K8*K6-1  .  " 

4000  TOR  *  AAR*  TEl  -A AE  *  T  E  3  +TE2 

- fsrv  w*m  ♦  ASR*m  ♦“its - 

243  DO  244  LrK7 ,K8 

ci  »  tlrili  . 

C 2  «  TLE(L)  _  _ 

C  3  *  THR ( L  f 
C 4  *  THE ! L  I 
C  5  *  TERTlT 
C 6  «  TREILt 

- T |_p ( L , -  ■  AAR*C1-AAE»C2 - - - 

THR(L)  «  AAR*C3-AAE*C4 

- ff?RTLT_i"S7n?V(:5 -tJFfZb - 

TLEC.I  •  AAE*C1+  AAR*  C2 

- ThCil)  «  AAE*f3*  AAR*T4 - 


*  i 

.  ‘  c 
TT3 
I  'U 

rrr 

i  <t> 

T"T* 

'c 
■TT* 
60 
TB  T 
I  6  < 
T8  3 

1  64 
TTT5 
I  6t 
TB7 
166 
IB’J 
1  VC 
T77T 


257 


.,-AhS  it  l* ***“►*> 


4 


Wf'  VF  *■ 


244  T  RE  (  L  )  *  AAE»C5+  AAft*  C6 

GO  TO  249 

213 

421  TQ‘R«TQR+Tl7R 

'  214 

TQE«TQE-*T12E 

215 

A  MGR *  ANGR+AL2R 

216 

ANGE*ANGE+AL2E 

217 

549  TH£(  jiiA'NSf 

2TB 

TLE< J' «TQE 

219 

THRTJT  *AfJGR 

270” 

TLR ( J ) *TQR 

221 

r FTJ-L 2T ”234 ,283 .284 

222 

283  C  1  *BK  (  K. 2  ) 

223 

r2^BCBTim 

T2V 

K2=K2+1 

225 

1 F  f NB-K2 J  26 1 »Z60  t260 

228” 

260  L2*LB(K2) 

227 

GO  10  285 

”228 

261  L2-NS+2 

229 

“GO"  TO  “785 

23C 

284  0  =  0.0 

231 

C2  =  C. 0 

232 

285  C1*C1-FRQ2«RI°(  J) 

233 

X7=FRO»r2 

“234 

TQE»TQE+C1*ANGE  +C2*ANGR 

235 

TRETTJ1  “TOE 

236 

TQR»TQR+C1*ANGR  -C2*ANGE 

237 

TRR  CJ)  »TUK 

238 

IF(J-NS)  286.287,287 

239 

287  TFTWTI-TT  40TT40Ti402 

"740 

286  IFIJ-L3)  288.289,283 

241 

CHANGE  TO  SUBSCRIPT  VARIABLES  FOR  MORE  THAN  ONE  SR  GEAR 

242 

289  Cl-PPtNG) 

243 

(.2  =  KG  (  NG  ) 

244 

A11—C1/C2 

245 

A22»1V07AT1 

248 

A21-0.0 

247 

“AT?  »  -SGTRGT  - 

248 

NG-NG+l 

249 

I F I N;  NSRGl  101 9 « 1 0 19 » 1U20 

75TT 

1019  L3-LSING) 

251 

1020  L3-NS+2 

252 

253 

1021  IF  (Ml-l)  351. 331,251 

254 

C  TEST  FOR  EXCITATION 

255 

251  IFITT-J)  351.290.351 

25b 

C  CORRECTION  FOR  LINEAR  EXCITATION 

257 

’  290  A 1 3ft=— AX Y 

238 

A13E--BXY 

259 

GO^TO- 351 

280 

288  IFU-14)  255.254.255 

261 

254  TT  (MUIAGI  "T092 ,  i095. 1095 

Zod 

1092  IF  (X4-1)  1095.1096.1095 

263 

1096  IF  (mi  —  l)  1 0^3 • 1 093 1 1 094 

2b*» 

1093  WRITE  (NW.I81I 

265 

GO  TO  1095 

2b6 

1094  WRITE  (NW.182) 

267 

“2T5" 


GO  TO  50j3_ 


T5G 


I  F  (  C 1 ) 
TTT 


257  *256*257 


tttt 


269 

-rnr 

271 

~2TZ~ 


* 


* 


258 


r* 

_ 


~t  CORRECTION  FOR  CONCENTRATED  COMPLIANCE  TTT 


A12  «CCOM(J) 

274 

A?I*rJ.0 - 

273 

A22* 1 • 0 

276 

GO  TO  351 

277 

257 

C3  =  FRC1*DMS( J) 

278 

IMC3-O.O003)  268.z58.259 

2 

258 

C4«C3*C3 

280 

A11*1»0-0.5*C4 

ZBT 

A22-A11 

282 

Al2*DuT ( J 1 

283 

A21»-C3*DIN< J)  *FRG 

284 

GO  TO  351 

285 

259 

All *COS  (C3I 

286 

AZZ«A1 1 

28  r 

C5*D I N ( J ) *FRQ 

288 

T4«SlN  <C3i 

7W 

A12«C4/C5 

290 

A2 1 *-C4*C5 

2VI 

351 

C1*ANGE 

292 

ANGELA  1  l*ANGt+-Ai2*TUt  +  A13  t 

293 

TQE«A21*C1  +A22*TOE 

294 

Cl  *AnGR 

295 

ANGR«A11*ANGR+A12*TQR+A13» 

296 

TQR*A2 1*0  +T?2*7TR 

297 

C  RESET  EXCITATION  TO  ZERO 

298 

A13R-0.0 

'  2W 

A13E-0.0 

300 

- 50T 

CONTINUE 

JOT 

401 

IF(MDIAG)  410.411,411 

302 

4TT 

IF  (NRLG)  1090.lXT90.l091 

"  "  303 

1C90 

WRITEINW.181 ) 

304 

1091 

WRITE! NW» 126 1 

jot 

411 

DO  403  J-l.NS 

306 

TRR1 ( J ) »TRR(  J ) 

—  JOT 

THRl ( JI-THRI J> 

308 

TLR 1 ( J ) *TLR ( J ) 

JOT 

TRE 1 ( J ) =TRE ( J ) 

310 

THE  1 ( J ) "THE ( J ) 

311 

TLEK  JI-TLEI  J) 

312 

CHANGE  for  DIAGNOSTIC 

'  313 

IF  (MDIAG)  1030,403.403 

314 

1030 

WRlTEfNW.IOB i J.TEIH 1  (J)  » TH  E 1 1J) , TLK 1 ( J  ) »  T  L 1 1  !  J] 

»TNKi  (  J  )  .TREK  J) 

J 1 5 

403 

CONTINUE 

316 

HI «M1* I 

il  1 

GO  TO  502 

318 

402 

IF(MDlAG)  A12.4l3.413 

319 

412 

IF(NPIG)  414.414,415 

320 

414 

WftITE(NW.lfl2 ) 

JOT 

415 

WRI  TE(NW,126 1 

322 

413 

DO  404  j*l»Ns 

323 

TLR2 ( J  >  =TLR ( J ) 

324 

ThE2 ( JT=  THE ( j) 

325 

TLE2 ( J ) *TLE ( J ) 

326 

TRR2I J)=TRR( Jl 

TTT 

TRE2(J)=TRE( Jl 

328 

THR2 ( J ) *thR ( J ) 

329 

JF  (MDIAG)  1040.404.404 

330 

1040 

wRl  T £  (  N w .  1 0 6  )  J.  THR2  ( J ) 7ThE2  I  JT,  TlR2 i  JTTTUT2TT) 

,  TRR2 ( J ) . TRE2 ( J ) 

i  JT 

404 

CONTINUE 

332 

C1=TRR2 (Nil 

333 

S&tmr., 


259 


1  w. 

'V 


- C2-aTRr2TR^ - TJl_ 

C3«TRR1(NS)  335 

'  ‘  ~C4“TRETTR5"J -  - TStr 

C5«C3*C3+C4#C4  337 

-  — ui7nr=irr»CTfr?*r4)/r5  33« 

Q1E«  <C 1*C4-C2*C3 ) /C5  339 

. . WRTTETWW,12T}FFQ  ~  .  ~  - - JW 

IF(MOIAO)  1050.1051 .1C50  341 

“1 05TT  WRTmNW.T8Tl - VTT 

WRITEINW.126)  343 

c"rNrrmrzE  TnR-  first  s tncl f  "  rfdu  rr  ton  "gts  R ~sft -  - tav 

1051  L ■ 1  345 

CTRtCOtRTE  NTTAIT  TOOTH  FORCE - - 7AT 

C  SI  RE  TAN..  .1  TOOTH  FORCE.  REAL  AND  IMAGINARY  PARTS  IN  TTFR  AND  TTF  347 

X  ARRAYS  RF5RECTIVELY  — — - 34TT 

DO  407  J«1.N5  349 

-n«THRT(  Jl“F017!+THR21Tf '-01F*THF1TJT  — - -  "  . 'W 

C2-THR1 ( J)*Q1E+THE2< J)+Q1R*THE1 ' Jl  351 

• C"3iTURn  jr»0T R+TLR2I J )'  “~-0l  F^YLFlTTl  - - - T57 

C4-TLR1 UI*01E+TLE2(J)+TLE1 ( J1*01R  353 

. C5  *TRR  1  r'JT»ai R-a  1 E*  TRFKJT+TRR2  1 33  3T4- 

C6  ■TRR1(JI*01E+01R*TRE1 ( J1+TRE2(JI  355 

•TIGS' "IL3TV1 -  "  - - 39G“ 

IF(J-NGS)  1054.1100.1054  357 

TT00TTFRTL)''«C5/Wnn . . 7TB~ 

TTFE(L)  «C6/RP  (  L 1  359 

- - - - - 

1054  I F ( MO  I  AG )  1055.407,105  5  361 


407  CONTINUE 

- -  TT"TNPUGTT20T7I2ai.n9T 

1199  IF  (MDIAG)  1057,1201.1057 


363 
— 364 
365 


DO  1200  J  -1.NPLG 

"C7  TPNTJTTnTS^n — - 

C8  »(  RSIJ)  ♦  .  *RW ( J  1  )«PN< J) _ 

C2  ■  TBR(1»J)*Q1E+TBE(2.J)+Q1R,‘TBE(1«J) 


367 
— 36F 

369 

370 

371 


C4  «C7*(TFSPR(1»J1*Q1E+TFSPE(2.JH-01R*TFSPE<1»J) 1 

- C'5  ■TTPCRIT;  J  J*Q1R+T  TPCK  (2»JI-Ult*TTPCE(l.JI - 

C6  •TTPCR<1.J)*Q1E+TTPCE<2.JI+Q1R*TTPCE11.J) 

- WR'ITEINW,  FOOT — - 

WRITE  (NW.7011  LEC( Jl .C1.C2.C3.C4.C5.C6 

- Cl  ■TPRUTJT*0rirFTpRr7<'JT-QTE*TPEI  1  ,J1 - 

C 2  »TPR(  1»JI*Q1E+TPE(2»J)+Q1R*TPE( 1 .Jl 

- C3  »C8*  ( TFPRRI I .  J )  »01R+TFPRR  I  2  .  J7  *01  E^TFPRg  firm 

C4  »C8*(TFPRR(1,JI*Q1E'*TFPRE(2.JI+Q1R«TFPRE(1.J>  I 

- CT~»nGRRnYJl»01HmGRRIZ.JI-UlE«HGREIl.J) - 

C6  »TTGRP( 1 » JI*Q1E+TTGRE <2»J)+Q1R*TTGRE(1»J) 

- Wpf  T  H  NW, 702  I - 

1200  WRITE  (NW.7011  LEC(Jl .C1.C2.C3.C4.C5.C6 

1701  WWTTE  INW.130I - — 

DO  1070  J-l.NSRG 

1070  WRITE  I NW.106 )  LS I  J I .TTFR ( J ) .TTFE ( J  I - 

IF(NPLG)  501.501,1079 


1079  WRITE(NW,122) 


TE1-TFSPRI1.J) 


"fri'™'  \\  f-fZRfvm*. 


%  k 


-r**:s*&W*t  wan-*  #w»  ■ 


TE3*TFsPF<l.J' 

TE4*TFSPE(2,J) 

:ULATE'  RE’AL  PART  TAN'.  TUUTH  FORCE  5UN-PLANI T 
C1*TE'X*Q1R+TE2-TE3«Q1E 


C2-.TE1*Q1E  +  TE4+TE3*Q1R 

.ATE  TANGENTIAL  TOOTH  "FORCE  PCTNKT-K l  NO - 

TE1 *  TFPRR ( 1  *  J ) 


TE3»TFPRE( 1 » J )  _ 

CALCULATE  REAL  PART 

- C3-TE1F01R+TE2-TE3TOYF - 

CALCULATE  IMAGINARY  PAPT 

- C  A  *TET*U'1'E'TTT  A"T  TF3TO1  r - 

1080  WRITE<NW»108)LECU)  ,C1  .C2.C3.C4 

— 5TJI_c0frnmjr - 

IF(INP)  506.2Ct>.b06 


"WIT 

396 

s rr 

398 

399 

400 

401 

402 
4U3 

404 

405 

406 
“TOT 

408 

“TOT 

410 

“TOT 


100  FORMAT ( 72H1 
- 1 - 


101 

”~1G2" 

103 


FORMAT (815) 


FORMAT ( 82H0 

TTFirr 


TORSIONAL 

BR/TNTHFS' 


RESPONSE 
PN0336 i 


OF  THE  SYSTEM  WITH  GE ARS . EP I C YCL  I C 


Tgears 

104  FORMAT! 17. 6X.  15. 2X, 61 101 

— TO  5'TOR'M‘A  T  fSX.'lTUTi - 

106  FORMAT ( 1H0.1X  .8HST AT t ONS . 1/ . 1 2HBRG+EXT.CON.  .2X .8HBRANCHES » IX . 

- -T9HNCS . OF  FRO ,?X,6 h! HP“5FTf-; ? JcTffFsR  GEARS. 2X.8HPL  GEAR5/ - 

2  I7.6X.I3.2X.5110! 


412 

“TOT 

414 

TIT 

416 

TIT 

418 

TIT 

420 

“TOT 

422 

T7T 

424 

“TOT 

426 

“TOT 


TOT  FORMAT!  / 5X71 C3R0TTTR  DTT A‘ 77aT*  JR5T A .  I X  ,T2HM. TOMITNERT - 

16HLENGTH.4X, I0H5TJFFN.0I A.3X,0riMASS  DI A . 3X  ,9H I NNER  D1 A.2X, 

—  ~Tl?WCCiNr.'TCTHPL.MX?HNTr.Ty.  onr.-BT:- 1  N*-»r.TT.“2HTN .  10X .  2H I N ,  1  OX  .'2  HI  N  i - 

310X.2HIN.6X.  9HRA j/ IN-LB ) 

tw  format  i  n~,vx,im.T' -  * - - - - - 

109  FORMAT ( /lHl .7X.46HBFARJNC.  AND  EXTERNAL  TORSIONAL  CONSTRAINT  DATA// 

- F4  X.THT'T.TX  .^KTTFFNF  ST.SV  ,TR1}  AM  PTNG/9X.10HLT5- IN/RAD  iTT. - 

21  3HL8-  1 i>  SEC. /RAO) 

"TT?''F-FFATr/“TFnT9XT25H^INRF'RZCUCTTTJN''GFATT-TTA7in - 

JiA  FORMAT  (  /  4X  .  3HS  T  A  .  3X  »20HGt  AF.  jFI  RADII  iIN.I»2X, 

"  "•  r  TVR'COWinJFG  TXTTGENTTAl  TOMPI  T  J NTFF7  /9TT! 

2  , 1 1HSECONO  GEAR.3X. TH! IN/LBI ) 


'  (7T5x  .TJhFl'AWTARV  '  THTATAT 


"  i  T'4"F5RRS 

1 17  FORMAT l 1H0  > 1 X  ,8HST A T IONS . 1 X  » 1 2HBRG+EX T .CON. . 2X ,8HBR ANCHES . 1 X . 
1 9H  0 • OF  FRO. 2  X « 8H I  NT  5TT S .JX . 8H  SP 

118  FORMAT  (9H0BRANCHES/30H  4’IRST 

in  Format i 3xITTi lxTTi" 

120  FORMAT  ( / 1H1  ,  5X  .  1 1HI  REOUENl *  ‘.tl4.fc.2X  .3HCPS) 

~F0RmaY</1H1  I 


GEARS. 2X.8HPL  GEARS. 2X.5HMDIAGI 

BRANCH  COMMON  STATION) 


121 
12  2 


428 

“TOT 

430 

“TOT 

432 

"TOT 

434 

“TOT 

436 

“TOT 

438 

“TOT 

440 

441 

442 

443 


FORMAT!/  8X.40HC0MPJTE0  RESPONSE  AT  PLANETARY  GEAR  SETS// 

- r  l(Jx'.'4im“t5TJGENTIAt"  TOOTH  FORCE  "AT  EACH  PLANET  (LB5T7 - 

2  4X.3HSTA.8X. 1 OHSUN-PLANE T .13X.11HRI NG- PLANET / 

- T  4TT5HN0T;  5x  ,“4HR'FA[Ti>'X'»9H I MAGTNARV ,  5 V”.'4MR E A  L ,  t  X . 9HTM  AG T N  ATTTI - 

126  FORMAT l /4X . 3HSTA .  2X.10HANG.DISP-R.2X  . 1 OHANG. D I SP- I .2X . 10HTORQUE 
- I-Rl  ,2X,10HTORaUE  —  1 1 » 2 X • 10HTORQUE"  -R2 »2X .  10HTORtJ(JE",=T2/T2X". 4HR'A'D". . 

28X.4HRAD..7X.6HIN-L3S.6X.6HIN-LBS.6X.6H1 N-LBS .6X.6HIN-LBS) 

127  F0RWATrV4X»3HSTA,'4X.6HNU.  oF  »bX.3HSUR.  7X';6HPIANET/ 

14X.3HNO. .3X.7HPLANETS.4X.10HRADIUS! IN) • 2X .  10HRAD IUS ( IN) I 

"128  FORMA  7  (  /4X ,  3H57A  ,2X .  IOHWEIGHT  ( LB  1 ,4X  ,'41  HPCL  AR  MASS 'MOMENTS  0F“7NER 

IT IA  I LBS-IN**2  )  /  4X.3HNO. .4X.6H PLANET. 8X. 3HSUN ,7X»6HPlANET»7X, 

- 24HR1NS.7X.7MCARR1ER; - 


444 

445 

446 

447 

448 

449 
45C 

“TOT 

452 

“TOT 

454 

“TOT 


261 

i 


129  T0RMAfT/4X.3HSTA.6X.26HC0MPLIANCE-  LI  NEAR ( IN./LB) .16X, 

1  15HC0M-ANG! RAD/LB) /  4X.3HNO.  »2X . 10HSUN-PLANE T . 2X . 1 1HPLANET-R I NG * 
- 2  TiT.l 0 HPCATNV- CAR.  iT4X  , 1 1HR I NG-GKUUND I - 

130  FORMAT  ( I  5 1 3E12.4 1 1 2X  .  £12.4  )_  _ 

135  FORMAK/9X.10HSHEAR  MOD. .2X  .  1 1HWT.  DENSITY/9X.  9HlDS/IN**2  .3X. 


*  tin  c  ■■atKin 


180  FORMAT  ( /8X . 36HC0MPUTED  RESPONSE  AT  SIMPLE  GEAR  SET/ 


?  9H  I  MAG  I  NARY  ) 


1  1-NO  EXCITATION) 


m  •YtrL'if  ryi  1k'(ci3k 


1 1*K4  y  r  1 1  a  wJ ;  I  •] » ■  MCI  i'  IlLi  fl  (I 


IN  1-  WITH  EXCITATION) 


I  CD  KtSrUNSt  Ml  ALL  SIAII 

110X.63HI TORQUE- 1-  GOING  INTO  STATION.  TOROUE-2-  COMING  CJT  OF  STAT 

- 2TONTJ - - - — - - - - - - 

190  FORMAT! I5.6E12.4I 

T91  FORMAT!  3  SHTTSTATTON  NO.  INCORRECT  OR  OUT  0“  ORDER) 

192  FORMAT!  37H0STAT I ON  NO.  FOR  GEAR  ERROR  INCORRECT) 


i  in  i  *1  Hi  i i  i  •  i ;  [•  n  rifiT.i:  Lirmi  ^  ru>i  114 


701  F°Rh,AT‘  4X,3Hf<0*,sx •!>H_EAL,6X,!H  1  MAG1NARY»5x»4HREAL»fex»9H1MAG inary 

702  FORMAT!/  4X.3HSTA.2X  «  22HANG  *  DISP. -PLANET  BODY  »  2X  * 


Ik’ I  a 


* 


A 

Stibfoutln^PLMST 


'  SUBROUTINE 'PORT 

COMMON  TBR(2.2).Tt3E(2.2).TPR<2.2)»TPE<2.2).TFSPR(2»2>,TFSPE(2.2)» 

- F  TrPT7RT5.2l,TFPREr2t2l  .TTt,CH(2.2r.,TTPCE(2t2)iTTr-HH(2.2)  .TTGKE12.T1 

COMMON  RIP<200)»DST(2001.DMS(200).DIN(2PO).BCB(50).LB(50),DDT(200> 
'  1  .BK  (50)  *Lm2T'iR5~('2l  ."R  W(  2 1  TP  )  ,PMS ( 2 )  ,PN (2 )  , SS ( 2 ) * SW (  2 ) , SR t  2  1  . 

2  ST ( 2 ) .LOR ( 20  )  f LBS ( 20 ) .CC0M( 200 ) , AX Y 1 , AX Y2 » BX Y 1 » BX Y2 . TlR ( 200  )  . 

- rTm*5TFT,'T  hTTi  2  3Ti  TThITTTTT  ,  TTTTrriTOTTmi  2OTTTTWTT7TO ) - 

COMMON  A(7.7).B(7,2).LS(20).RP(20).RG(20).S0(20).TRR2(20O). 

- 1  TRTI  f  200 )  '.THH  T200  r.  TLE1T  ZTTC  V,  TRT2 (TSO'I  TTTFff !  TOT  .TTH:  1 7077 - 

2  PSP (2 ) . THR1  (200) .TLR1 ( 200) . THR2I 200)  .TLR2  1200) .THE2I  200 ) * 

**“  r  TLE'2  (lOrrTTTTTT^acn  .POP T7 1  TTWTTI - - - - - "  - 

COMMON  IT,  K4,L4,MDIAG,FRQ2.ANGR,ANGE,TQR,TQE  .J.NS  .m: .nw.nr.nplg 

0 “S E T  UP  SUBROUTINE  FOR  PLANETARY  CA'SE - 

C1=RS(K4)+RW(K4) 

- - T2^0pmjTIC4T~ — “ - - - - 

FLNL*PN(K4) 

- A  n  .i  T  *WOT4T - - - - — - - - 

A  (  1  ,2  I  *0. 

- ATT73 )  V  TITS  2  *  P I P  k  4  T~  "  - - 

AO  ,41=0. 

A ( 1  ,5 ) =0. 

A ( 1  .6) *0. 

A ( 1 » 7 ) =0 • 

A(2,l  1  =  1.0 
A ( 2 . 2  I *-1.0 
A  (  2  *  3  )  =  0  . 

- A(2.4t— FR02*PMSK41*a - 

A  (  2  »  5  )  *  0  • 

A  <  2  » 6  )  *  0~. 

A ( 2  * 7 ) *0 • 

-  - 

A ( 3  » 2 ) *C 1 

rrT-Tr-v- - 

A( 3.4) *0. 

- A(3. 51—1.0  - - - - 

A ( 3 .6 ) *0 . 

AI3.7)— FR32*PCP(K4) 

A ( 4  »  1  I  «C2 
A ( 4  *  2 i =0  . 

A ( 4  »  3 ) «0 • 

A(4,4I*0. 

A ( 4  *  5 ) =0 • 

A (4,6) =FR02*PRP< K4 )*ST(K4)-1.0 
A ( 4  »  7  I =0. 

A ( 5 , 1 1 »0. 

A ( 5 ,2 ) *SW( K4  ) 

A ( 5 , 3 ) *0 • 

A ( 5 .4) *C1 
A ( 5 .5 ) *0. 


TPETmT  »K4 ) *B  (  3 .2)  /FLNL 

C  TPR  =  THETA-P-  ANGULAR  DISPLACEMENT.  PLANET-BODY  -  REAL 

*  r  TPFg"  THETA-P- - ANGULAR  D  I  SPLACEMCNy.'  PLTTNET-BODT  -  IMAGINARY 

TBR ( Ml *K4 I *B  (  4*  1  I  /FLNL 

- TBFTWT  .r5T*=^nr,  7 1  “7TCNU - 

C  TBR*  THETA-B  -  ANGULAR  DISPLACEMENT.  PLANET-CENTER.  REAL 
C“TBr*_THETA-B  -  ANGULAR  DISPLACEMENT.  PLANE  T -CEN IE  R .  I  MAG  I  NARY 
TTGRR!M1»K4)*EFR 

•  - TTGWETM1  .ICLT^Tn - 

C  T  TGRR  *  TOTAL  TORQUE.  GROUND-RING.  REAL 

r  7T GRE  ■ . TOT  AL  'TUTOUEV  GKOUNO-K  I  NG'T'TMAGT  NA'RT - 

TFSPR ( Ml .K4) -FSR/FLNL 


C  T T SPR *  TOTAL  TORQUE  SUN-PLANET.  REAL 

C  TT5FE  *  TOTAL  TORQUE  SON-PCA'NETTTffSUTTrm - 

CALCULATE  TOTAL  TORQUE  SUN-PLANET  -  PLNST  SUBROUTINE 

- TT«n5_l1£5TirFirR - - 

C4rRS ( K4 ) «FS I 

CAlL'CUDrTF'TUTAL'  "TORQUE  P L  AN  ET^RTTTG - 

C5«C2*0( l.i) 

- - 

C  TEST  DIAGNOSTIC 

- — I F » MDIAG 1“  50'0; 60 B  Titt'S - — — - 

C  PRINT  DIAGNOSTIC 

C'TRINTTTEABrNG  FOR'T3TACTO'STIT5 - 

600  IFIK4-1)  621.62C.621 

— 620  tffnTEtRSr.Ttm - 

621  WR-ITEINW.700) 

- WRITTrNW.70m4.TBRfMl  .K4V.TBf  fMI.KAI  ,C3.CAiTrPnTlMl  ,r4T  , - 

1  TTPCEIM1.K4) 

— - WRITETNV.702T - “ — - — - - 

WRITEtNW.701 )L4. iPRIMl .K4) .TPE!M1  . K4  I .C5.C6.TTGRRIM1.K4)  . 

- r  TTGRETMr.KSI  " - 

608  K4«<4+1 

- IKK4-NPLG)  33Z.332.333 - 

332  L4*lEC<K4) 

RETURN 

333  L4-NS+2 

- ffTTURTI - 

700  F ORMAT (/4X.3HSTA.1X.24HANG.  DISP. -PLANET  CENTER. IX. 

- r  22HT0T.  TORQUE  SUN-PLANfr.TX ,  23HT0T  TORQUE  PLAN-CARRI  ER  I - 

701  FORMAT!  4X . 3HNO. . 5 X .4HREAL . 6X  .  9HI MAGI NAR Y . 5X ,4HRE AL .6X . 9H I  MAGI  NARY 

- 1 5X.4HREALV6X  ."9H I  MAG  I  NARY  71  7 , 1 X  ,6E  12 .5  I - 

702  FORMAT!/  4X . 3HSTA .2X . 22HANG .  DISP. -PLANET  BODY  »2X* 

- l'TJMTOT.'TOROuE  PLANfT-RTWG".7X . 22HTOT.  TORQUE  GRNP.-RING) - 

703  FORMAT ( / 15X ,  66HALL  TORQUES  GIVEN  IN  INCH-LB.  AND  ANGUL 

- UH"  OIsPlaCTmEnTs  In  RADIANS ) - 

705  FORMAT ( 12X .4HREAL . 6X .9H I  MAG  I  NARY . 5X .4HRE AL . 6X  »9H I  MAG  I NAR Y » 5X . 
14HREAL.6X.9HI MAGINARY  I 
END 


i 


265 


* 


I 

I 


nMiniA  invcrc;>iuni  wiin  *uunr«nnnu  sului  lum  ur  L.intc«r*  cuu/n  iuhj 


Hiirnuiui 

F4020002 


"S UBROU T I NE  M  ATI  NT  A ,  N ,  B  .74  *  DETER') - 

DIMENSION  I P I  VO  (  7 )  •  A ( 7 • 7 ) ,  B  (  7 , 2 ) .  INDEX! 7,2) .PIVOT!  7) 

equivalence  riR'O¥,jR0wr,  7imu  vjcoicrr;  im,  t,  swart 


INITIALIZATION 


10  DETER  *1.0 


- IT  DO  20  J  *  1 .  N 

20  IPIVO  (J)-0 

- 30  DO  ' 550  T 


F4020004 

F4020009 
F47200T0 
F402001 1 
"F40ZC7517 
F4020013 


T77T 


40  AWATVO'.'O - 

45  DO  105  J* 1 ,N 

50  TF  (IPIVO  (JI-1)  60.  105.  50 
60  DO  100  K»  1.  ,N _ 

60  IF  (ABS  (AMAX)-ABS  (A(J.X)))  85,  100,  100 

75  I  ROW*  J - — - 

90  ICOLU  * K 
95  AKAX*AT J »K1 
100  CONTINUE 
TOT 


TTO 


CONTINUE 
IF! AMAX ) 
IPIVO 


F4020017 

F4U2001B 

F4020019 

F40200ZO 

F4020021 

-FTTO2O027 

F4020025 

F40200Z6 

F4020L27 

T40200Z8 


110  i 

(ICOLU 


750 

T 


110 
IPIVO 


TICOLU  m 


130 

140 

T5¥ 

160 


IF  (IROW-ICOLU 
DETER  —DETER 
7VCT 


)  140,  266,  140 


TKT 
SWAP 


L  *  1 ,  N - 

■A!  I  ROW « L  I 


F4020030 
FTD20731 
F4020032 
T4  6776  31 
F4020034 
F4  020  035" 
F4020036 


170 
200 
TST 
210 


A ! I  ROW  «  L ) * A  (  ICOLU  ,L) 
A! ICOLU  .L 1 -SWAP 


TPTM'f  260. 

DO  250  L* 1 i 


T6U1 

M 


TTT 


"777 

230 

"757 

260 

"777 


"5WA'P»BTTROW,L  I - 

6!  IROW.LI-B! ICOLU 


F4020038 
F  4020040 


.U 


TI1CULU 

INDEX! I . 


TD 

1 )  > 


VSWRP" 
I  ROW 


F4020041 
F4020042 
T47Z7047 
F  4020044 


‘INDEX!  I  .2  I  *  ICOLU - - - 

PIVOT! I ) *  A ( ICOLU  .ICOLU  I 
320  UEIER  »DEIER  »PIVUI 1  I  ) - 


310 


TJ7 


DIVIDE' PIVUT  ROW  BY  "PrVDT  ELEMENT 
A (ICOLU  .ICOLU  )  *  1 . 0 - 


F4020046 
F4020U47 
F  4020040 


F  4020050 
F  4020051 


266 


w- 


••‘tv**-**'*'  T*'*  fT»* 


DO  350  l=1 »N 

AfICOLU  *L  )  =  A  I  I  COLL)  •  L  )  /P  !  VOT  I  I  I 

TFTM)  380.'  3  8T5 «  "360  . . . 

DO  370  L  =  1  »m 

8  f  rcccu "  »i )  =  o  t  icolu  .cr/Piwrn  )' 

RTOuCF  NON -PIVOT  ROW?" 

DO  "5  50  L  r  =1  .N 

I  F  t  L 1 “ ICOLU  )  400 .  450.  400 

"7  =A  (LT»  I COLD  7  '  - 

A  <  L  1  .  ICOLU  )=0.0 
rFT7TV307550".4"30 
DO  450  L  =  1 .N 

TTlT7u=  STL  T7TT-  S  ( TTOTu ' IT*! - 

I  F  I  M  )  5  5 0_.  _5  50_.  460 

'do  soc  L*r.M 

B(L1.L)*3(L1 . L ) -B (  ICOLU  . L ) * T 


F4020052 
F4020053 
TWTPTm 
F4020055 
F402PP36 
F402005  7 
FVOTOO  5"B 
F4020059 
F  4020"06"0 
F  4020061 
T4TTZ0776T 
F4020063 

F4020064 
TS7T7'00"6T 
F4020066 
F402G067 
F4020068 
F  VO 2006 9 
F  40200  7o 
FV02007I' 
F40200  7 2 


610  L  *N+ 1- I 


F  4  0  2  0  0  7  4 


630  JROW* I NDEX (  L  «  1  ) 


F  4020076 


650  DO  705  X  =  1 .N 

65LTSWA(5TS(IC.jROW)  ' 

670  A(K.JROW)=A(K,JCOLL  ) 

'"Too"  aikTJTolu  i=swaR 

705  CONTINUE 
710  CONTINUE 
740  RETURN 
757)  wftTTETI  .T675T 
760  FORMAT ( 'MATRIX  SINGULAR') 

"STOP  - 

END 


F4020Q78 

F4020080 
F40200B1 
F4020082 
F4O2O60  3 

F4020084 


HNI4! WllNmmieiiK  i  w*?-* . 


System  Description  of  Sample  Case 

The  torsional  vibration  system  used  in  the  sample  case  was  taken  from  the 
UH-ID  drive  system.  A  schematic  diagram  of  this  system  is  given  in  Figure 
76.  Identification  of  the  individual  stations  is  given  in  the  listing 
below.  Data  for  these  stations  were  scaled  from  a  full-size  assembly 
drawing  or  were  taken  from  other  information  provided  by  the  manufacturer. 


Stations  1-4 


Stations  5-8 


Station  9 


Stations  10 


i  Main  system. 

These  stations  constitute  the  drive  side  of  the  spiral 
bevel  pinion.  The  reflected  inertia  of  the  turbine 
and  its  gear  drive  has  beer  included  as  a  concentrated 
Inertia  at  station  1.  This  simplification  Introduces 
no  significant  error  for  frequencies  in  the  acoustic 
range.  However,  for  lover  frequencies,  a  more  detailed 
system  will  be  required. 

3  First  branch . 

These  stations  constitute  the  supported  or  the  apex 
side  of  the  spiral  bevel  pinion. 

Common  station  of  first  branch  with  main  system; 
also,  first  member  of  simple  gear  set.  This  station 
is  located  at  the  bevel  pinion  center. 

14  Second  branch. 

These  stations  constitute  the  portion  of  the  quill 
assembly  below  the  main  bevel  gear. 


Station  15  Common  station  of  second  branch  with  main  system; 

also,  second  member  of  simple  gear  set.  This  station 
is  located  at  the  bevel  gear  center. 

Stations  16  -  17  Main  system. 

These  stations  constitute  the  portion  of  the  quill 
assembly  above  the  main  bevel  gear  to  the  spline 
connecting  the  lower  sun  gear. 


Station  18 


Station  19 


Lower  planetary  stage. 

This  station  is  located  at  the  spline  connection  to 
the  sun  gear. 

Main  system. 

This  station  starts  at  the  spline  end  of  the  planet 
carrier. 


Station 


Upper  planetary  stage. 

This  station  is  located  at  the  spline  connection  to 
the  sun  gear. 


■•  **»'•*’' 
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Stations  21  -  24  Third  branch. 

These  stations  constitute  the  lower  portion  of  the 
mast  assembly. 

Station  25  Common  station  of  third  branch  with  main  system.  This 

station  is  located  at  the  spline  connection  of  the 
mast  to  the  upper  planet  carrier. 

Stations  26  -  39  Main  system. 

These  stations  constitute  the  upper  portion  of  the 
mast  assembly.  The  rotor  inertia  has  been  applied 
at  station  37. 


Station  40 


Terminal  station  of  main  system. 


_.-40  _ 3 _ J _ L  -L  C. 


•  1 1 600  00EQ8  .286 
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E01  .315 
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EOl 
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£01  .201 
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EOl 

7  ±0 

.1 

E01  #236 

E01  .236 

EOl  .167 

EOl 

8  0. 

.325 

.360 

E01  .36 

EOl  *2 

EOl 

2  .182 

E02  .0 

.0 

.0 

.0 

10  .0 
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EOl 
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E02  .45 
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E01  .5154 

EOl  .395 

EOl 
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E01  .434 

EOl  #395 

EOl 
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EOl  .395 
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£03  .2332 

£01  .472 

£01  ,472 

£01.  .095 

£01 _ 

16  .134 

E03  .1454 

E01  .472 

E01  .472 

EOl  .395 

EOl 
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EOl  .395 
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.0 

19  .0 

.128 
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EOl  .696 
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EOl 
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.0 

.0 

.0 

.0 

21  *0 
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E02  .54 

.35 

E01  .35 

EOl  .312 

EOl 

.  .23.  .0 
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£02  .3375 

£01  ,33  75 

£01  .312 

£01  -.  - 

24  .0 

.145 

E01  .454 

E01  .454 

EOl  .312 

EOl 

25  .106 

E02  .115 

£21  .454 

E01  -454 

EOl  «312 

EOl 

26  .0 

.156 

E01  .4 12 

EOl  .422 

EOl  .312 

EOl 

.  27  ...0 
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,432 

_  £01^,438- 
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EOl  .312 

EOl 

22  _.ft _ 
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EQ1-.478. 

.  £01-, 312 

.  -101  .  . 

30  .0 

.149 

E01  .404 

EOl  .404 

EOl  .312 

EOl 

31  .0 

.1829 

E02  .3555 

EOl  .3555 

EOl  .312 

EOl 

32  .0 

.242 

E01  .38 

EOl  .36 

EOl  .312 

EOl 

3  3  .0 

.  ..1374 

£92  1 3.5.55. 

.  £21.  .3553 

£0>  -013.. 

.  -EOl-.- _ _ 

V»  .0 

.251 

E01  .38 

EOl  .38 

EOl  .312 

EOl 

35  .0  .  . 

•  1153 

£22  .3555 

EOl  *3555 

EOl  .312 

-EOl  _  -  . 

36  .0 

.127 

E01  .38 

EOl  .38 

EOl  .312 

F.01 

JI_«  UL13 

EC8  ,127 

E01  .38 

£01  .36 

EOl  *312 

EOl 

38  .0 

.6275 

.35 

EOl  .35 

EOl  .312 

EOl 

32  _*P  . 

.437 

.35 

EOl  .35 

£0i  .312 

EOl 

40  .0 

.1 

E01  .0 

.0 

.0 

9  j2322 — 

_E01_  .312 

£01  . 1.6015 6E--2I—  tQ  . _ 

_ _ 

18  4.0 

.336 

E01  .182 

EOl 

U0  .531.  . 

J21  .487 

E02  .645 

EOl  .168 

E02  .154 

£02 

18  .85 

E-07  .28 

E-07  .62 

E-06 

.0 

20  8,0  . 

t336 

£01  .10 l2_ 

EOl 

20  .459 

E01  .7 

E02  .645 

EOl  .244 

E02  .17 

E02 

20  .62  _ 

E-07  .22 

E-07  .3 

E-06 

5  9 

10  15 

21  25 

9  2800. 

.463281 

3E-3  .0 

463281 3E-3  _  .0. 


Output  Lifting  of  Smh)1«  C«»«  _ _ _ _ 

TEST  EXAMPLE  NO.  2  1-18-68 

TORSIONAL  RESPONSE  OF  THE  SYSTEM  h I TH  GE ARS , EP  ICYCL  IC  GEARS  AND  BRANCHES  PN0336 


STATIONS  8RG+EX  T  .CON  .  BRANCHES  NO, OF  FRO 
40  „  0  . .3  _ _L 

1NP  SETS 
1 

SR  GEARS 

1 

PL  GEAkS 

_ Z.. 

SHEAR  MOD.  MT*  HENSIIY 

LBS/ IN**2  LBS / 1 N**  3 

■  - 

* _ 0.11600E  08  0 . 286Q0E  OQ 


ROTOR  DATA 

STA  M. MOM. INERT. 
NO.  LBS- IN**2 

LENGTH 

IN 

n.  ihooof 

01 

SIIRFN.DIA 

IN 

0.29000E  01 

MASS  D1A 

IN 

0.37600E  01 

INNER  D1A  CQNC.  COMPL. 

IN  RAO/IN-LB 

0.25600E  01  Q.QQQQOE  00 _ 

2 

0.47000E 

02 

0.167C0E 

01 

0.31 500  E 

01 

0.31500E 

01 

0.20000E  01 

O.OOOOOE 

00 

_ 3 _ 0. 22000E 

03 

Q. 150UQE  01 

0^715.QQ£ 

01 

0.31500E 

01 

0.20000E  01 

Q.HOOOOE 

00 

4 

O.OOOOOE 

00 

0 .100606 

01 

0.36000E 

01 

0.36000E 

01 

0.20000E  01 

O.OOOOOE 

00 

„ _S  D.OOOOOE 

00  Q.44QQ0E  ODD. ’OlQflE 

01 

0.20100E 

01 

0.100Q0E  01 

O.OOOOOE 

00 

6 

0.860006 

02 

0.65000E 

00 

0.20100  E 

01 

0.20100E 

01 

O.IOOOOE  01 

O.OOOOOE 

00 

_ 1_ 

0 .00000  6 

00 

0. 10000E 

01 

0  « 23 600 E 

01 

0.23600E 

01 

0.16700E  01 

O.OOOOOE 

00 

8 

O.OOOOOE 

00 

0.32500E 

00 

0.36000E 

01 

0.36000E 

01 

0.20000E  01 

O.OOOOOE 

00 

9 

0.18200E 

02 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 

10 

O.OOOOOE 

00 

0.74400E 

00 

0.4 7000 E 

01 

0.47000E 

01 

0.39500E  01 

O.OOOOOE 

00 

1L 

O.OOOOOE 

00 

0.69 300  E 

00 

0.3I54CE 

Cl 

0.51540E 

01 

0.39500E  01 

O.OOOOOE 

00 

12 

0.40000E 

02 

0.45000E 

00 

0.51540E 

01 

0.51 540 E 

01 

0.39500E  01 

a.oooooE 

00 

13 

O.OOOOOE 

00 

0 . 5396GE 

01 

0.43400E 

01 

0.43400E 

01 

0.39500E  01 

O.OOOOOE 

00 

14 

O.OOOOOE 

00 

C.15500E 

00 

0  .4  7200  E 

01 

0.47200E 

01 

0.39500E  01 

O.OOOOOE 

00 

_ 15. 

0. 27400E 

03 

0.23320E 

01 

Q*A7200E 

01  J1.4  7200E 

01 

0.39500E  01 

O.OOOOOE 

00 

16 

0.13400E 

03 

0.14540E 

01 

0.4  7200  E 

01 

0.47200E 

01 

0.39500E  01 

O.OOOOOE 

00 

II- 

O.OOOOOE 

00 

0.98000E 

00 

0*42 90QE 

01 

0.42900E 

01 

0.39500E  .01 

O.OOOOOE 

00 

18 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 

19 

0.000006 

on 

0. 1 2800  F 

ILL 

0.69 60 OF 

01 

0.6 96 OOF 

01 

0. 600006  01 

O.OOOOOE 

00 

20 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 

21 

O.OOOOOE 

00 

Q.1QQ0QE 

01 

0.35Q0QE 

01 

0.35000E 

01 

Q.312DCJE  01 

O.OOOOOE 

00 

22 

0.95000E 

02 

0.54000E 

00 

0.350006 

01 

0.35000E 

01 

0.312C0E  01 

O.OOOOOE 

00 

23 

O.OOOOOE 

00 

0.1 6480 E 

02 

0.33750E 

Q1 

0.33750E 

01 

0.31200E  01 

Q*QOOOOE 

00 

24 

O.OOOOOE 

00 

0.14500E 

01 

0.45400  E 

01 

0.45400E 

01 

0.31200E  01 

O.OOOOOE 

00 

25 

0.38600F 

0? 

0.11 50QE 

ILL 

0.45400F 

01 

0.45400E 

JLL 

0.31200F  01 

Q.QQQQOE 

00 

26 

O.OOOOOE 

00 

0.166006 

01 

0.422006 

01 

0.422006 

01 

0.31200E  01 

O.OOOOOE 

00 

27 

O.OOOOOE 

00 

0 . 50000 E 

OQ 

0.4380QE 

01 

0.438006 

01 

0.31200E  01 

(UOOOOOE 

00 

28 

0.76000E 

02 

0.50000E 

00 

0.43800  E 

01 

0.43800E 

01 

0.31200E  01 

O.OOOOOE 

00 

29 

O.OOOOOE 

30 

0.200006 

00 

0.476006 

01 

Q.47600E 

01 

Q.3120fl£  HI 

CL.QQQQOE 

00 

30 

O.OOOOOE 

00 

0.14900E 

01 

0.40400  E 

01 

0.40400E 

01 

0.31200E  01 

O.OOOOOE 

00 

31 

O.OOOOOE 

00 

0. 18290E 

02 

0.35550E 

01 

0.35550E 

01 

0.312Q0E  01 

o.nonnoF 

DO 

32 

O.OOOOOE 

00 

0.242006 

0) 

0.38000  E 

01 

0.38000E 

01 

0.31200E  01 

O.OOOOOE 

00 

33 

O.OOOOOE 

00 

0 ■  1374Qt 

02 

0.J5550E 

Q1 

0.35550E 

01 

0.31200E  01 

O.OOOOOE 

00 

34 

O.OOOOOE 

00 

0 .2  5100E 

01 

0 .38000  E 

01 

0.38000E 

01 

0.31200E  01 

O.OOOOOE 

00 

35 

O.OOOOOE 

00 

Q.  11559E  0 2 

0.35 550 E  9i_ 

0.3  5550E 

01 

0.31200E  01 

O.OOOOOE 

00 

36 

O.OOOOOE 

00 

0.12700E 

01 

0  .  ?  8000  E 

01 

0.38000E 

01 

0.31200E  01 

0.000006 

00 

37 

0.13130E 

99 

0 . 12700E 

01 

0.38000E 

01 

0.38000E 

JL1_ 

0.3120QE  01 

O.OOOOUl 

38 

O.OOOOOE 

00 

0.62750E 

00 

0 .35000  E 

01 

0.35000E 

01 

0.31200E  01 

O.OOOOOE 

00 

39 

O.OOOOOE 

00 

Q..4179QE  .OIL  0.35QQ0E 

01 

0.350006 

0.31200E  01 

O.OOOOOE 

00 

40 

O.OOOOOE 

00 

O.IOOGOE 

01 

O.OOOOOE 

00 

O.OOOOOE 

00 

O.OOOOOE  00 

O.OOOOOE 

00 
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SINGLE  REDUCTION  GEAR 

OAT  A 

STA 

GEAR  SET  RAOII  (IN.) 

COMBINED  TANGENTIAL  COMPLIANCES 

FIRST  GEAR  SECOND  GEAR  (IN/IB) 


NO.  PLANETS  RADIUS!  IN)  RADIUS!  IN) 

1  O.l 


.  PLANET 


PLANET 


SIA _  COHPl  1  ANCF-  LINEAR  !  IN. /L ft I _ 

NO.  SUN-PLANET  PLANET-RING  PLAN.-CAR. 


CARRIER 


COM— ANG I  R  AD/I  B) 
RING-GROUND 


PLANETS  RADIUS! IN)  RADIUS!  IN) 


NO.  PLANET 


PLANET 


CARRIER 


FIRST  BRANCH  CONNON  STATION 
5  9 


10  IS 


STA  FREQUENCY  REAL 


vmvi'i'im*z.w^YiLr4  ic«i 


IMAGINARY 


272 


FREQUENCY  -  0.280000E  04  CPS 


CON PUT 60  RESPONSE  AT  SIMPLE  GEAR  SET 


STA  TANGENTIAL  TOOTH  FORCE  (LBS) 

_ m:AI _ IMAGINARY  _ _ 

9  -0.67609E  05  0.00000E  00 


COMPUTED  RESPONSE  AT  PLANETARY  GEAR  SETS 


TANGENTIAL  TOUTH  FORCE  AT  EACH  PLANET  (LBS) 

_ SLA _  SUN-PLANE  I _ _ _ RING-PLANET 

NO.  REAL  IMAGINARY  REAL  IMAGINARY 

_ U  -*L,17161£  05  O.OOOOOE  00-0.37611E  04  O.OOOOOE  00 _ 

''0  0.11739E  05  O.OOOOOE  00  0.82426E  04  O.OOOOOE  00 

U—*-  ENDJQB _ 


DESCRIPTION  OF  AUXILIARY  COMPUTER  PROGRAM 


Input  Variables >  Format,  and  Instructions 

Card  1  Title.  Format  (72H).  This  card  precedes  each  set  of  input  % 

data. 

a.  Printing  instructions,  column  1. 

For  printer  to  skip  a  line,  use  0. 

For  printer  to  go  to  the  next  sheet,  use  1.  * 

b.  Title,  columns  2  through  72. 

Card  2  Control  numbers.  Format  (1SX,  215) 

a.  NF  Total  number  of  excitation  cases. 

Place  the  last  digit  of  this  number  in  column  20. 

b.  INT  Identification  as  to  whether  this  control  card 

represents  the  last  complete  set  of  input  data  being 
submitted. 

If  more  sets  of  input  data  follow,  use  0. 

If  this  is  the  last  set,  use  1. 

Place  this  digit  in  column  25. 

Card  3  Planetary  geometry.  Format  (17X,  2E  12.4) 

(Note:  Card  7-A  for  the  Mail  Program  may  be  used.) 

a.  Blank  Columns  1  through  5  are  not  read. 

b.  Blank  Columns  6  through  17  are  not  read. 

c.  RS  Pitch  radius  of  the  main  sun  gear,  ir. 

Use  columns  18  through  29. 

d.  RW  Pitch  radius  of  the  planet  gear,  in. 

Use  columns  30  through  41. 

Card  4  Planetary  inertias.  Format  (5X,  £  12.4,  12X,  E  12,4) 

(Note:  Card  7-B  for  the  Main  Program  may  be  used.) 

a.  Blank  Columns  1  through  5  are  not  read. 

b.  PMS  Weight  of  one  planet  gear,  lb.  This  includes  all 

components  which  rotate  with  the  planet;  everything 
between  bearing  surface  and  gear  teeth.  One-half  the 
weight  of  any  rolling  elements  in  the  bearing  should 
be  Included. 
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Use  columns  6  through  17. 

c.  Blank  Columns  18  through  29  are  not  read. 

2 

d.  PIP  Moment  of  Inertia  of  each  planet  gear,  lb-in  .  This 

includes  all  components  used  in  computing  the  weight, 
PMS. 


Use  columns  30  through  41. 

Card  5  Planetary  compliances.  Format  (5X,  2E12.4,  12X,  E12.4) 

(Note:  Card  7-C  for  the  Main  Program  may  be  used  with 
the  addition  of  item  e.) 

a.  Blank  Columns  1  through  5  are  not  read. 

b.  SS  Combined  linear  compliance  of  each  sun-planet  gear 

mesh,  tangential  to  its  pitch  circle;  in. -lb. 

(See  discussion  under  this  item  in  card  7-C  for  the 
Main  Program.) 

Use  columns  6  through  17. 

c.  SR  Combined  linear  compliance  of  each  planet-ring  gear 

mesh,  tangential  to  its  pitch  circle,  in. -lb. 

Use  columns  18  through  29. 

d.  Blank  Columns  30  through  41  are  not  read. 

e.  SQ  Linear  compliance  of  the  local  planet  support  in  the 

planet  carrier,  tangential  to  the  path  of  planet 
centers,  in. -lb.  This  compliance  is  the  combination 
of  the  compliance  of  the  planet  bearing  and  the 
compliance  of  any  portion  of  the  carrier  which  will 
deflect  with  a  load  on  its  individual  planet.  Exclud¬ 
ed  are  the  compliances  of  any  part  of  the  carrier 
which  rigidly  ties  one  planet  support  to  another. 
Hence,  if  the  carrier  construction  is  such  that  there 
is  a  compliance  between  a  hub  and  a  rim-type  member 
which  supports  all  the  plarets  collectively,  this 
structural  compliance  may  not  be  combined  with  the 
others . 

Use  columns  42  through  53. 

Cards  6-1  to  6-NF  Gear  excitation  data.  Format  (5X,  5E  12.4) 

(Note:  Cards  9  for  the  Main  Program  may  be  used.) 

a.  Blank  Columns  1  through  5  are  not  read. 

b.  FRQ  Frequency  of  the  excitation,  cps. 


Use  columns  b  through  17. 

c.  DSR  The  real  or  cosine  component  of  the  linear  excitation 

in  the  sun-planet  gear  mesh  tangential  to  the  pitch 
circles,  in. 

Use  columns  18  through  29. 

d.  DSE  The  imagir.<»ry  or  sine  component  of  the  linear  exci¬ 

tation  described  above,  in. 

Use  coluons  30  through  41. 

e.  DRR  The  real  or  cosine  component  of  the  linear  excitation 

in  the  planet-ring  gear  mesh  tangential  to  the  pitch 
circles,  in. 

Use  columns  42  through  53. 

f.  DRE  The  imaginary  or  sine  component  of  the  linear  exci¬ 

tation  described  just  above,  in. 

Use  columns  54  through  65. 
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Output  Variables  and  Explanations 


Input  Data 

Same  as  in  input  cards  1  to  6. 
Calculated  Data 


Computed  response  forces  for  each  planet  -  FSR,  FSE,  FRR,  FRE,  FCR,  FCE 

where:  FSR  and  FSE  -  Real  and  imaginary  components  of 

tangential  tooth  force  at  the  sun-planet 
mesh,  lb. 

FRR  and  FRE  -  Real  and  imaginary  components  of  tangen¬ 
tial  tooth  force  at  the  planet-ring  mesh, 
lb. 

FCR  and  FCE  -  Real  and  Imaginary  components  of  tangen¬ 
tial  tooth  force  at  the  planet-carrier 
bearing,  lb. 

Computed  response  displacements  for  each  planet  -  DPR,  DPE,  DBR,  DBE 

where:  DPR  and  DPE  -  Real  and  imaginary  components  of  angular 

displacement  of  planet  about  its  own 
center  relative  to  ground,  rad. 

DBR  and  DBE  -  Real  and  imaginary  components  of  dis¬ 
placement  of  planet  center,  expressed  as 
angular  displacement  about  the  planetary 
drive  center,  rad. 


Program  Listing  of  Source  Deck 


This  program  was  written  in  FORTRAN  II  -  Extended  and  may  be  compiled  with 
FORTRAN  IV.  It  was  developed  on  the  IBM  1800  computer.  In  the  source  deck 
listing  which  follows,  the  READ  and  WRITE  statements  are  written  with  the 
variable  NR  tc  specify  the  reading  unit  and  with  the  variable  NW  to  specify 
the  writing  unit.  To  recompile  the  program  for  the  IBM  7090,  introduce  the 
required  unit  numbers  by  making  the  necessary  changes  on  the  cards  as  noted 
lr.  the  listing. 

In  addition  to  the  controlling  portion  of  this  planetary  stage  response 
program,  named  CHECK,  there  is  one  subroutine.  This  is  MATIN  which  performs 
the  matrix  inversion  that  solves  the  simultaneous  equations  of  the  control¬ 
ling  program. 

Running  time  o;  IBM  1800  was  approximately 

2.5  minutes  for  a  first  case  with  one  excitation 
.7  minute  for  each  additional  case  with  new  planetary  data 
.2  minute  for  each  additional  excitation. 
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CM  >  ,'i*r  9^  *1 


1 


CHICK  -  Raaponaa  Forcaa  In  Planatary  Gaar  Staga. 

r 


T772T 


•  •“•  "DTMFN5T0N  SAT5*“5  i  ♦  A  f  5  *5  )  ,B I  5 , 2  )  *6875,77  - 

C  PN336A  REVISED  12-67 

r  "RroDTRrjmfBRcuT  i ne‘~ma  fin  -  -j- m»trix'tt.tt  T-i'^rnTr- 

C  INITIALIZE  READ  UNIT  AMD  PRINTER  UNIT  NOS.  FOR  IBM  1800 
“NR  =  2 
NW=  3 

"'203  RFADINR.lOl)  ~  '  “ 

RE  ADI  NR  « 102 ) NF, I  NT 

F  NF~T  NOT  CA1  ES'TDTSX  TTD.  ~0E  FRFQUENCI E5'  -  -  - 

C  INT  *  0 «  INDICATES  THERE  ARE  MORE  INPUT  SETS 

C  TNT*  AK  INTEGER  OTHER  THAN  ZERO,  INDICATES  THERE  ARE  NO  MORE  INPUT  SFTS 
READ! NR ,103 i RS*RW 
0  R5=  RADIUS  OE  SON  GEAR! INCHES) 

C  RW*  RADIUS  OF  PLANET  GEAR! INCHES) 

'  "  RFADI  NRil  IT  I'PTiSTPTP . . 

C  PMS*  WEIGHT  OE  ONE  PLANET  GEAR ( LBS ) 

C  PI?*  -PCTAR  TOS5  MOMENT  OF  TNFRTI A  DF  ONF  PFANET " GFARrLB5- IN**2 1 
READ(NR,112)SS»SR»SQ 

C  5R*  LTNEAF  FOMPLIANTE  OE  PLANFT-RI  NG(  TN.  7FB7 
C  SS=  LINEAR  COMPLIANCE  OF  SUN-PL ANET ( I N, /LB ) 
r  "5TT="  ETNFATT  CUMPFT4NCF'  “OF  TOTAF 
WRITEINW.I01  ) 

'  WRTTEtNW.lP9)NF,INT 
WRITE(NW,104)RS.RW 

write  rmr.ns  i  pms  .pip 

WRITE(NW»114)SS»SR,SQ 
RC*R5ERW ~ -  - 


!  I 


RC* 
RR  = 


2C6 


RR=RC+RW 
RADTUSTJF 
RADIUS  OF 


TARRTFR  TIN.  ’ 
RING! I N. ) 

069 

P I P  =  P I P/ 386  • 069 

OT7  TCrST^lT? - — - 

DO  206  K  =  1  ,  5 

AATTVCTSO. - - 

A  A (  1  , 1 ) =Rw 
A  A  TT  TZ7  5  -TRW 
A  A  (  2 . 1  I  s  1  . 

AAT7.2 1 5 1'. - 

A  A  I  2 , 3 ) =- 1  . 

A  A ( 3,51 =RC 
AATV»TT*SS 
A  A ( 4,4) =RW 

A  A  I  4 , 5 | =HC - 

A  A ( 5 , 2 ) =  SR 
A7LT  5 V47  *-1TW 
A A ( 5  » 5  )  =RC 
TTV 


TUT 


J*I  .3 
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» 


‘fw/nv  wv 


~  ■  m j .  1  j  =o. 

215  B8 ( J « 2 ) “0 • 

- - — WF*T - 

222  READ(NR.115)FRQ.DSR.DSE.DRR.DRE  v 

C  FRO  FREUUENCY  f  OK  EXC  I  T  A  1  1UN - - - - - 

C  DSR*  LINEAR  EXCITATION  SUN  GEAR.  REAL  PART  (IN.) 

C~Tr5E*  LTNEA'R  TTCrTATTON — 5UN  GEAR, - IMAGINARY  PART TNTI - 

C  DRR*  LINEAR  EXCITATION  RING  GEAR.  REAL  PARtflN., 

7~DRP=  LINEAR  TXCITATION  RING-  GTRT, - mGTUJnrrPmT  ( IN.  1 - 

WRITEINW.116  IrRO.OSR.DSE.DRR.DRE  1 

C  £0RRE<!T  ION  TO  CHANGE' TO  LINEAR  EXCITATION - 

00(4.1 ) *DSR 

- ErBTSTrT^TTSr - - - 

BBI5.1 ) =  DRR 

- B0(5f21  «DRE - 

C1»FR0*6. 2831853 

- - FRF2VCTTTI - 

DO  212  J* 1 . 5 

- D0-217-t—  j;5 - 

212  A ( J .L ) *  A A ( J • L  ) 

- A-n-4)-£prTpwT.-T?E7 - 

A(2.5)*PMS*RL*FRE2 

- - '  DO  713“Ji'l  .5 - 

DO  213  L-1.2 

— 2i5~ EC7J,-  LT«  TOTT".'  L 1 - 

CALL  MAT INIA.5.B.2.CF9) 

- P5R.B(liT) - 

FRR«B ( 2.1) 

- rCR:ffrr,-Tl - - - - - 

DPR«B(4,1) 

- BBTTOTTTTJ - 

FSE«0( 1.2) 

- TRtTBTTTTi - 

FCE-B13.2) 

bPEieii.r) - - 

D0E-BI5.2) 

- WRmTffW.  117  1  FSR'.FSE.TRTl.FRE  .KCR  »FCE - - — - - — 

WRITEINW.118 IDPR.OPE.DBR.D0E 

- !F(NF.Mrj  220,220,221 - 

221  MF  «MF+ 1 

- WRITE  (Nw.llOt - 

GO  TO  222 

— 77CTTT I  NTT- 23  r  7707770 1 - 

201  CALL  EXIT 

- IGT  '  FT3  R  M  A  T  T/7  H  I - 

1  ) 

— 102  FORMAT! 15X.2I5) - 

103  FORMAT ( 17X.2E12.41 

~  104  FORMAT  ;7T03MflHFlTRETARr  SET'  DATA/ - 

125X.3HSUN.7X. 6HPLANET /  2 1 X , 1 OHRAO I  US < I N  )  ,  2X  .  1 OHRAD I  US < I N ) / 

2  _'6X,2E12.$) 

109  FORMAT  (  /10X.25HT0TAL  NO.  OF  FREQUENC I ES - . 1 1 0/ 

- j  10x,25RINDICATOR  FOR'  INPUT  SET^VriO'J - 

110  FORMAT ( / 1H 1  ) 

' ‘111  F0RNAT<5X.E12.47I'2X.E12.4t - 

112  FORMAT ( 5X.2E12.4.12X.E12.4) 

1 1 3  FORMAT  (/  9xnOHWEI<SHt'(LB')  .2X.40HPOLAR  MA55  MOMENT  OF  INERTIA  (LBS 
1 - 1  N**2 I /  11X.6HPLANET.18X.6HPLANET/  8X . El  2 . 5 . 12X .E 1 2 .5 ) 

114  FORMAT <  7"i3X,26hC0MPUAN£E-  L I  NEAR  (I  N.  /I  B )  ) - - 

19X. lOHSUN -PLANET. 2X.11HPLANET-RING.12X.13HLOCAL  PL-CAR./ 

- 23x.2E1273~.I2x  .  ET2.7I - 
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1 1 5  FORM  ATI  5X  ,  5E  12'.  AT)  ~  ~ 

116  FORMAT! /10X.9HFREQUENCY.2X.23HUNEAR  EXCITATION  (IN.)/ 

'  122x,~8h5TjN  GFAR,4X.'9flR'IW5FW  Bx.5F12.5l 

117  FORMAT ( /8X.7HOUTPUT-.5X.35HTOTAI,  TANGENTIAL  TOOTH  FORCES  (IBS)// 
11  4 X ,  1  Jt-TSTJN -  PLANFTS.T^XMW RTNG-  PLANETS. 9X  .lSHCAR'RTFR’-  'VLANFT5/ 
2 1 2  X  *  4HR  F  AL  » 6  X  *  9H I  MAG  I  NAR Y . 5X  *  4HRE  AL  »  6X  »9H I  MAG  I NAR Y  .  SX  » 4HRE AL  » 

-  36X.9HIMAGTNARY/8X.6E12.5I  " 

118  FORMAT  ( /13X .37HTOTAL  ANGULAR  DISPLACEMENTS  (RADIANS)/ 

—  I  14X.1  JHPCANFTS-  BODYNTOX’.  1  SHPL  ATCET5-  CENTER/ - 

212X.4HRCAL.6X. 9 H I MAGINARY.SX.4H REAL . 6 X . 9H I  MAG  1 N AR Y / 

38X.4E12.5) 


Subroutine  MATIN 


MATRIX  INVER5I0N"WT7Fr  ACCOMPANVTNGEUIUTTON  OF'TINEAi 

SUBROUTINE  MA  T  TREAT  FT.  B.M  .DETER)  - 

DIMENSION  IPlVO(5)«A(5*5)  *  B  (  5  «  2  ) . INDEX (5. 2) .PI VOT ( 5  ) 

EQUIVALENCE  rTRQW.JROWTT'TTCOnT  TJOOUJ  TT  'CAMAXr  TV  : 


INITIALIZATION 

10  DETER  *1.0 
V5  D  O  20~JiTTN  " 
20. IPIVO  ( J)*0 
30  DO  530  I*r.N 


SEARCH  FOR  RTVOT  ELEMENT 


~  ACrffWATT-OTO - -  - 

45  DO  105  JM.N 

■  5o~tf  i  tptw  Tjr-i  i  fmoEr'sc - 

60  DO  100  K*1.N 

70  EFTTFTVO  IKT-TT  ffO  . '  1 00  ."  740  ' 

80  IF  (ABS  (AMAX)-ABS  (AIJ.KM)  85.  100.  100 

“OS-!  WOW*  J  . 

90  ICOLU  *K 
95  amaxsau.k: I 
100  CONTINUE 
TO 5  CONTINUE 

IF(AMAX)  110.750.110 
~TT0  IPIVO  I  ICOLU  J= IPIVO 'T7C0LU  J  +  I 

*  INTERCHANGE  ROWS  TO  PUT  PIVOT  ELEMENT  ON  DIAGONAL. 

TOO  TF-  7  TROW-TCOLUT  "140 .  '  260  i  1 40 

140  DETER  =-DETER  _  _  _ 

160  SWAP  * A ( I  ROW .  L ) 

ITtT  7f  HEOW.L  )  I C 0 L U  .TT -  - - 

200  A ( ICOLU  .L ) *SWAP 
205  IF  I  Ml  2 60  «~7EU"* ”~270  — 

2 1  v  DO  250  L«l.  M 


'EQUATIONS  "ANF4020T 
F4020002 


F4020004 
F4 020 008 
F4020009 
F4020010 
F402001 1 
F50TO0T2 
F  40200 1  3 
~E 40200 14 
F4020C1S 
F4 02001 6 
F  402001  7 


F4020019 

F4O20OZO 

F4020021 

~E40200E2 

“E50Z0OZ4 
F  402002  5 
F40Z00Z6 
F4020027 
F402OO28 


F4020030 

F4020031 

F4020032 

F40Z0030 

F4020034 


F4Q20036 

E4020037 

F4020038 

E40Z0039 

F4020040 


230  B( IROW,L)*B( ICOLU  .LI 
230  B I ICOLU  «L I  * 5WAP 
260  I NDEX I  I  ♦  1 ) *  I  ROW 

"  270  TNUEXI 1  .2  I  * ICOLU - 

310  PIVOT!  II*A(ICOLU  .ICOLU  I 


F4020042 


F4020044 


F4020046 


TrrvroE  "'totttow  by  pivot  e,  me 


F4020048 
E4 020049 
F4020050 
F  -.02005  1 
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F402008<. 


^W«!WW*tltwn«s 


«  tk>  * 


Output  Ll»tlna  of  8aap1a  Caaa  _ 

FORCES  ON  UPPER  PLANET  OPERATING  ERRORS-  SPHER  COMPLIANCE  STUOT 


TOTAL  NO.  OF  FREQUENCIES- 
INDICATOR  FOR  INPUT  SETS- 

3 

1 _ 

PLANETARY  SET  DATA 

SUN  PLANET 

RADI  US ( I N)  RADIUS ( IN) 

0.33600E  01  0.18200E 

01 

WEIGHT (LB)  POLAR  MASS  MOMENT  OF 
PLANET  PLANET 

INERTIA 

( LBS- IN**2  ) 

0.64500E  01  0 .45900 E 

01 

COMPLIANCE-  LINEAR ( IN./ LB  » 
SUN-PI  AMPT  PI  ANFT-RING 

_ LOCAL 

PI  -CAR. _ 

0.20800E-06  0.1 5400E-06 

0.60000E-07 

FREQUENCY  LINEAR  EXCITATION  (IN.) 

_ SUN  GEAR  RING  GEAR  _  _ 

0.644006  03-0 • 16000 E -04  0.49000E-04-0.22000E-04  0.  »0'  7E-05 


OUTPUT-  TOTAL  TANGENTIAL  TOOTH  FORCES  (LBS) 


SUN-  PLANETS 


RING-  PLANETS 


CARRIER-  PLANETS 

_ REAL _  .  IMAfilAAR?. 


-0.62832E  02  0.86916E  02-0.62554E  02  0.88105E  02-0.12747E  03  Oil7794E  03 


4* 


TOTAL  ANGULAR  01 SPLACEHENTS  (RA01ANS ) 

_  PlAJ>ETS-_JMPr.._ . . . __PJLABE.T.S-  CENTER _ 

REAL  IMAGINARY  REAL  IMAGINARY 

0.2*9226-05  0.  11123E-04-0. 147656-05  0.206116-03 _ 


I 


FREOUENCY  LINEAR  EXCITATION  (IN.) 


0.19320E  OA-O . 1 7000 F-OA-O . 10000  E-OB  0. 60000E-0&-0  .AOOOOE -05 


OUTPU' 


TOTAL  TANGENTIAL  TOOTH  FORCES  (LBS) 


SUN-  PLANETS  RING-  PLANETS  CARRIER-  PLANETS 

_ REAL  _ IMAGINARY _ REAL _ IMAGINARY _ RE  Ai _ IMAGINARY 

— 0 . 1 4  2  8  4  E  02-0.82036E  01-0.20412E  02-0.72344E  01-0.40710E  02-0.18137E  02 


CARRIER-  PLANETS 


TOTAL  ANGULAR  DISPLACEMENTS  (RADIANS) 
PLANETS-  BODY  PLANETS-  CEN1ER 

REAL  IMAGINARY  REAL  IMAGINARY 

//  ♦  ENOJOB 


» 


I 


i 
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INTRODUCTION 


APPENDIX  VI 

PREDICTED  NOISE  LEVEL  ANALYSIS 


The  noise  In  Che  immediate  environment  of  an  enclosed  gear  system  has  its 
origin  in  the  dynamic  forces  which  are  acting  on  the  internal  components. 

The  actual  mechanism  by  which  these  forces  lead  to  the  noise  is  very  complex. 
It  includes  the  transmission  of  the  forces  through  the  rotating  elements, 
through  the  bearings,  and  into  the  casing  which  encloses  the  system.  In 
the  course  of  this  transmission,  the  forces  are  subject  to  amplification  or 
attenuation,  according  to  the  dynamic  response  of  all  the  components  forming 
the  many  simultaneous  paths  used.  The  casing  Itself  responds  to  the  forces 
applied  at  different  points  by  vibrating  in  many  modes,  each  different  in 
amplitude  and  phase  relationship.  The  means  of  support  of  the  casing 
undoubtedly  contributes  to  the  variety  of  influences  at  work.  Sound  waves 
radiated  by  each  vibrating  portion  of  the  casing  reinforce  and  interfere 
with  each  other,  according  to  their  phase  relationship  and  wave  lengths, 
and  the  geometry  of  the  casing.  Noise  levels  in  the  immediate  environment 
of  the  gearbox  are  directly  influenced  by  all  these  variables.  The  shear 
complexity  of  the  many  mechanical  and  acoustical  effects  prohibits  any 
detailed  analysis  which  will  relate  noise  levels  around  an  actual  gearbox 
to  the  vibration  forces  developed  inside  the  box. 

Any  analysis  useful  for  predicting  noise  levels  will  have  to  be,  at  least 
in  part,  based  on  empirical  considerations.  The  analysis  .to  be  described 
is  of  this  semi -empirical  character.  The  empirical  element  results  from  one 
underlying  assumption  whose  validity  is  substantiated  only  by  the  effective¬ 
ness  of  the  analysis  in  predicting  results  later  obtained  by  measurement. 

In  one  such  case,  an  analysis  using  the  same  assumption  has  been  shown  to 
give  confirmed  results  when  applied  to  a  marine  gear  application  (Reference 
5).  The  application  of  the  analysis  developed  below  to  the  helicopter  gear¬ 
box  in  this  study  has  also  developed  reasonable  correlation  with  measured 
results  (see  Figure  40) . 

DESCRIPTION  OF  ANALYSIS  AND  CALCULATED  RESULTS 


Each  sinusoidal  excitation  introduced  into  a  power  transmission  system  will 
develop  a  response  force  at  the  point  of  application.  The  force  will  also 
be  sinusoidal  and  of  the  same  frequency  as  the  excitation.  This  excitation 
and  force  together  represent  mechanical  energy  being  taken  from  the  drive 
power  and  Introduced  into  the  system,  also  on  a  sinusoidal  time  basis  (but 
double  in  frequency) .  When  there  is  damping  in  the  system,  there  is  a  net 
transfer  of  some  energy  to  the  points  of  damping  where  it  is  dissipated. 
The  remainder  of  this  energy  is  not  dissipated  but  is  simply  returned  to 
the  drive,  all  within  the  time  span  of  each  of  the  sinusoidal  cycles.  The 
basis  of  the  analysis  that  follows  is  the  assumption  that  some  small  but 
predictable  fraction  of  each  pulse  of  this  circulating  or  cycled  mechanical 
energy  is  radiated  from  the  housing  of  the  gearbox  in  the  form  of  acoustic 
energy.  Furthermore,  if  the  geometry  of  the  radiating  bousing  surfaces  and 
the  acoustic  chamber  enclosing  it  is  known,  the  levels  of  sound  pressure 
developed  by  this  acoustic  power  can  alsc  be  determined. 
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Let  the  excitation  be  expressed  as 


e  -  e  sinwt 
o 


(?30) 


where  e  -  peak  value  of  excitation 
o  ' 

w  c  angular  frequency  ■  2flf 


time. 


Then  the  response  force  will  be 


F  -  F  sin(wt  +9) 
o 


(231) 


where  Fq  -  peak  value  of  the  response  force,  and  9  •  phase  relationship 
of  force  relative  to  excitation. 

The  instantaneous  work  done  or  mechanical  energy  introduced  by  the  exci¬ 
tation  and  force  is 


Since  the  instantaneous  excitation  is  a  function  of  time. 


3  e 

nr dt 


(232) 


(233) 


From  Equation  (230) , 


de  m  we  coswt  dt 
o 


When  Equations  (2313  and  (234)  are  substituted  into  Equation  (232), 

E,.  ■  ue  F  /  cosut  •  pin(u)t  +  0)dt 

M  0  0 

The  integral  is  evaluated  as  follows: 


(234) 


(235) 


/ coswt  ■  sin(wt  +  9)dt  ■  /cosuit  (sinwt  •  cos0  +  cosut  •  sin  9]dt 

2 

«  / [sinwtcoswt  •  cos0  +  cos  wt  •  sin  0]dt 

,  ,sin2ujt  ■  cos0  (cos2uit  +  DsinO. 
x  J  [  2  2 

,,sin(2u)t  +  0)  +  sin0,  , 

-  /[ - 4 - ^ -  Jdt 

cos(2ut  +  9)  t  sin  6 
4u  2 


Equation  (235)  now  becomes 
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(236) 


M 


e  F  e  F 

-(  ?  °)  cos(2ut  +  9)  +  — )  2wt 


sin  6 


The  second  Item  on  the  right-hand  side  represents  the  energy  transmitted  to 
the  dampers  and  dissipated  there.  When  there  is  no  damping  in  the  system, 
the  phase  relationship  9  will  be  0°  or  180°.  In  either  case,  this 
dissipated  energy  term  is  zero. 

The  first  term  represents  the  circulated  or  cycled  mechanical  energy,  which, 
as  noted  above,  proves  to  be  sinusoidal  with  respect  to  time  and  with  a 
frequency  twice  that  of  the  excitation.  The  peak  value  of  this  energy  is 
expressed  by  the  coefficient  of  the  cosine  term,  in  which  the  significance 
of  the  minus  sign  is  related  to  phase  relationship. 
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A  fraction  of  this  energy  for  each  of  its  cycles  is  converted  into  acoustic 

energy . 
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where  *  acoustic  energy  released  per  cycle,  and  a  ■  fraction  e :  mechan¬ 
ical  energy  converted  into  acoustic  energy. 

To  convert  the  acoustic  energy  term  into  acoustic  power,  the  time  duration 
of  one  energy  cycle  is  introduced. 


1_ 


T„  *  .  *  rt  r 


1_ 

2f 


(239) 


where  T^  *  period  of  the  energy  cycle,  f£  *  frequency  of  the  energy  cycle, 
and  f  ■  frequency  of  the  original  excitation. 


The  acoustic  power  is  taken  as  th«  rate  of  acoustic  energy  release  as 
averageu  over  one  energy  cycle,  and  it  may  be  written  as 
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This  power  is  the  direct  result  of  the  excitation  and  response  force  at  one 
point  in  the  system.  Where  there  is  ,nore  than  one  excitation  at  the  same 
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frequency,  the  acoustic  power  generated  is  taken  as  the  sum  of  the  individ¬ 
ual  contributors. 

P.  -  §£  Ze  F  (241) 

A  2  o  o 

This  equation  may  ue  adapted  to  conve.;i°nt  units. 

P4  -  .565  x  10“7  afZe  F  (242) 

A  o  o 

where  P^  *  acoustic  power,  w 

a  *  fraction  of  energy  conversion 

f  =  frequency  of  excitation,  cps 

e  *-  peak  of  each  sinusoidal  excitation  at  the  same  frequency, 

p  in. 

Fq  =  peak  of  the  response  force  at  each  of  the  excitations,  lb 

To  find  the  sound  pressure  level  at  the  excitation  frequency,  the  factor  of 
housing  geometry  and  the  acoustic  properties  of  the  chamber  enclosing  the 
gearbox  must  be  considered.  Equation  (242)  will  be  adapted  to  a  standard 
set  of  conditions,  and  a  factor  will  be  introduced  to  indicate  the  sound 
pressure  attenuation  or  gain  which  results  with  departures  from  the 
standard.  This  standard  uses  the  basic  case  of  a  spherical  housing 
vibrating  in  the  radial  mode  and  located  in  a  free  field  or  in  a  chamber 
which  does  not  reflect  noise.  For  these  conditions  and  in  an  atmosphere  of 
air  at  68°F  and  29. 5-in. Hg  pressure,  the  relationship  between  sound  pressure 
and  sound  power  is  (see  Reference  3) 
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When  Equations  (243)  and  (244)  are  combined, 


2 

P 


BP. 


28.6  r 


(245) 


To  express  the  sound  pressure  level  in  db,  the  sound  pressure  must  first  be 
related  to  the  reference  pressure  Pq  ■  .0002  w  bar. 


Equation  (245)  becomes 


BP. 


28. 6r  (.0002) 
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8.75  x  10U  P. 

_ A 
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The  sound  pressure  level  in  db  is 


2 

L  -  10  log  £~2 

Po 


(246) 


(247) 


When  Equations  (242),  (246),  and  (247)  are  combined, 

4.94  x  104  oBfle  F 

L  -  10  log[ - 2 - —1  (248) 

r 


where  L 
a 
6 
f 
e 

o 

F 

o 
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sound  pressure  level,  db 

energy  conversion  factor 

housing  geometry  and  environment  factor 

frequency  of  excitation,  cps 

peak  value  of  sinusoidal  excitation,  V  in. 

response  force  at  each  excitation  point,  lb 

racial  distance  to  center  of  sound-radiating  surface,  ft 


Very  little  information  is  available  about  the  factors  a  and  6  for  specific 
gearbox  designs  and  environments.  While  it  is  possible  that  each  might  vary 
with  frequency,  ar  least  two  studies  confirmed  that  their  product  remains 
fairly  constant,  at  least  over  the  frequency  ranges  studied.  The  marine 
gearing  study  mentioned  previously  covered  the  range  of  from  50  to  2000  cps. 
The  helicopter  transmission  study  contained  in  this  report  investigated  the 
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range  of  from  500  to  10,000  cps.  In  the  former  study,  the  gearbox  had  a 
housing  of  flat,  steel  plates  with  welded  ribs  and  was  operated  In  a  marine 
environment.  The  value  used  for  the  combined  factor,  a6»  was  x  10-^ 
adjusted  to  the  definition  used  in  th“  .’hove  analysis.  In  the  present  study, 
the  predicted  noise  levels  for  the  c-  n;u.ison  with  measured  results  were 
calculated  using  this  same  factor,  buc  they  were  further  adjusted  for  the 
different  housing  material.  This  adjustment  was  based  on  the  difference  in 
material  density.  The  same  kinetic  energy  in  bodies  of  differing  mass  would 
give  different  amplitudes  of  motion,  as  the  following  analysis  shows. 


For  equal  kinetic  energy, 
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2 

The  velocity-squared  ratio 

becomes 

V22 

Vl2 

M1 

M2 

(251) 

When  similar  geometry  and 

constant 

scaling  factors  are  assumed, 

the  mass  is 

proportional  to  material  density, 


(252) 


Since  sound  pressure  produced  by  a  vibrating  surface  is  directly  proportion¬ 
al  to  the  surface  velocity, 
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From  Equations  (242)  and  (246)  combined. 


When  Equations 


(251)  through  (254) 


(aS)2 

(u6)^ 

are  combined, 


(254) 


(n6)  2 

(a6)1  y2 


(255) 


93 


* 


or 


(a8),  -  —  (aB) 

Y2 


(256) 


The  previously-mentioned  combined  factor  for  steel  is 

-3 


(oB) 


stl 


.7  x  10 


The  steel-to-magnesium  density  ratio  is 


'stl 

rmag 


.284 

.065 


-  4.37 


Therefore,  the  factor  selected  for  the  largely  magnesium  housing  of  the 
UH-1D  transmission  housing  was 


(aB) 


mag 


.7  x  10-3  x  4.37  -  3.08  x  10~3 


(257) 


The  use  of  the  foregoing  analysis,  specifically  Equation  (248)  and  the 
factor  stated  in  Equation  (257),  is  illustrated  by  the  set  of  noise  calcu¬ 
lations  summarized  in  Table  XXXV.  The  data  for  these  calculations  came 
from  the  calculated  results  for  the  UH-1D,  under  cruise  flight  conditions. 
The  gear  excitation  values  are  those  shown  in  Table  VII.  All,  except 
for  the  bevel  gear,  were  directly  calculated  with  the  computer  program 
described  in  Appendix  IV.  The  force  values  are  those  shown  in  Table  VIII. 
These  were  calculated  wich  the  computer  programs  described  in  Appendix  V. 

After  calculating  the  sound  pressure  level  for  each  of  several  excitation 
frequencies,  it  it  often  desirable  to  display  the  results  as  they  would  be 
analyzed  in  third-octave  bands  by  typical  instrumentation.  Two  difficulties 
arise.  First,  the  band-pass  filter  for  each  third  octave  will  pass  some 
part,  but  not  all,  of  the  signal  from  adjacent  bands.  With  the  aid  of  the 
filter  characteristic,  it  is  possible  to  find  this  reduction  in  db  level  for 
the  particular  frequency  and,  from  this,  to  find  the  db  level  contributing 
to  the  third-octave  band  reading.  Second,  when  more  than  one  noise  compon¬ 
ent  is  admitted  into  the  particular  band,  either  as  full-level  contributors 
whose  frequency  actually  lies  within  the  band  or  as  reduced-level  contri¬ 
butors  from  adjacent  bands,  the  analyzer  performs  the  combination  in  a 
special  manner.  Although  the  instrument  simply  records  the  sum  of  the 
individual  power  levels,  when  these  are  evaluated  in  units  of  db,  the 
combination  is  not  one  of  simple  addition.  Figures  77  and  78  have  been 
provided  to  assist  in  coping  with  the  two  difficulties.  The  former  is  a 
typical  third-octave  filter  characteristic  in  a  form  which  permits  ready 
evaluation  of  filter  attenuation  in  terms  of  db.  The  second  figure  assists 
in  finding  the  db  of  the  combination  of  two  sound  levels  when  each  is  given 
in  db.  If  more  than  two  are  to  be  combined,  the  result  of  one  combination 
can  be  combined  with  the  next  sound  level  in  the  same  manner. 
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TABLE  XXXV.  COMPUTATION  OF  SOUND  PRESSURE  LEVELS  OF  GEAR  NOISE 
COMPONENTS  -  CRUISE  FLIGHT  CONDITION 


Filter  Attenuation 


# 


« 


l 


Third-Octave  Filter  Characteristic 
Bruel  &  Kjar  —  Type  1612  Band-Pass  Filter 

For  80  cps  to  40,000  cps 


Figure  77.  Third-Octave  Filter  Characteristic. 
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The  conversion  of  the  set  of  individual  noise  components  into  a  third- 
octave  band  display  is  illustrated  by  the  calculations  summarized  in  Table 
XXXVI.  In  this  table,  under  each  of  the  third-octave  band  midpoints,  the 
successive  calculation  steps  are  shown.  First,  the  ratio  oi  noise 
component  excitation  frequency  to  band  midpoint  frequency  is  found  for 
each  of  the  frequencies  that  are  close  to  the  band  midpoint  frequency. 

With  this  ratio  the  proper  filter  attenuation  factor  is  taken  from  Figure 
17 .  This  factor  is  subtracted  from  the  corresponding  individual  noise 
level  value  to  give  the  attenuated  component  noise  level  passed  by  the 
filter.  For  each  band,  all  of  these  attenuated  levels  are  combined  to 
give  the  resultant  noise  level  at  the  particular  third  octave  band. 


TABLE  XLXVI.  COMBINATION  OF  GEAR  NOISE  COMPONENTS  SIMULATING 
THIRD-OCTAVE  ANALYSIS  -  CRUISE  FLIGHT  CONDITION 
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A  method  of  computing  helicopter  gearbox  noise  from  design  and  operating  data  is 
presented.  Measurements  on  1)11-11)  helicopters  arc  used  to  provide  a  basis  for  this 
computation  method.  Its  validation  is  shown  by  a  comparison  between  calculated  and 
measured  noise  spectrums.  The  method  is  used  to  quantitatively  >valuatc  several 
kinds  of  noise-reducing  design  changes. 

The  most  objectionable  noise  is  shown  to  originate  in  the  meshing  action  of  the  gear 
teeth.  The  variable  tooth  deflection  under  the  heavy  tooth  loading  togcl  _cr  with 
some  contribution  from  the  manufactured  tooth  profile  errors  act  to  excite  vinrations 
in  the  gearbox  drivc  components.  I.ach  gear  mcsli  produces  u;  to  three  noise  components 
whose  frequencies  correspond  to  the  gear  tooth  meshing  rates  and  their  second  and 
third  harmonics.  The  gear-induced  vibration  is  transmitted  to  the  gearbox  casing 
which  serves  to  "broadcast"  the  gear  noise.  Calculations  of  excitation,  vibration 
forces,  and  noise  radiation  is  accomplished  with  the  aid  of  several  computer  programs. 

Calculations  on  the  Ull-lb  gearbox  reveal  that  a  variety  of  design  modifications  will 
be  required  to  reduce  all  high-level  noise  components,  and  that  some  modifications 
must  be  carefully  optimized  to  avoid  increasing  one  component  while  reducing  another. 
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